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FOREWORD 
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I .  SUMMAKY 

A preliminary mechanical des ign  of a complete L i1 . t  Fan Engine sys t em was con- 

ducted by t h e  Curtiss-Wright Corporation f o r  t h e  NASA L e w i s  Research Center,  

and t h e  design accomplishments are repor ted  here in .  Design features and 

areas of ana lys i s  included t h e  f a n  and compressor r o t o r  b l ades  of compo- 

si te cons t ruc t ion ,  a combustor fo lded  over t h e  compressor, t h e  r e l a t i v e l y  

high-temperature uncooled b lades  of t h e  high-pressure t u r b i n e ,  t h e  f i r s t  

s t a g e  of t h e  low-pressure t u r b i n e  as used f o r  t h e  t u r b i n e  bea r ing  .,lipport 

and duc t ing  of l u b r i c a n t  t o  t h e  bea r ings ,  t h e  c r i t i c a l  speeds of  t h e  

s h a f t ,  v i b r a t i o n  and f l u t t e r  of a l l  b lad ing  ai.4 t h e  complete l u b r i c a t i o n  

system. The flow path geometry and t h e  aerodynamic des ign  of t h i s  engine 

were provided by NASA. 
components and complete engine s y s t e n ,  and a d e t a i l e d  d i scuss ion  of t h e  

design ana lyses  are presented  here in .  

The l ayou t  draq ings ,  a d e s c r i p t i o n  of t h e  engine 

The completed prel iminary des ign  i s  considered mechanically f e a s i b l e  ;ind 

s u i t a b l e  f o r  s t a r t i n g  a f i n a l  design.  

can be achieved t o  s a t i s f y  t h e  requi red  2000-hour engine ope ra t ing  l i f e  and 

the 670-hour TBO f o r  t h e  s p e c i f i e d  d i - t y  cyc le  cond i t ions ,  b u t  t o  achieve t h i s ,  

some of t h e  b l ade  geometry as suppl ied  by XASA w i l l  require modi f ica t ion  and 

b l a d e  detuning measures. The est imated engine weight is 1012 l b s .  Composite 

material cons t ruc t ion  was used i n  areas of t h e  far. qnd compressor r o t o r  b lades ,  

and weight sav ings  and favorable  b lade  v i b r a t o r y  c h a r a c t e r i s t i c s  were obtained.  

Adeqtiate s t r e n g t h  and v i b r a t o r y  margins 

T h e  combustor was l oca t ed  outboard of t h e  compressor which p resen t s  access i -  

b i l i t y  problems and b e n e f i c i a l  e f f ec t s  on r o t o r  c r i t i c a l  speed as a result of 

t h e  s h o r t e r  r o t o r  s h a f t .  

T h e  design inco rpora t e s  t h e  requi red  noise-reduct ion measures of proper spac- 

ing between t h e  fan r o t o r  and s t a to r  b lades  and of a c o u s t i c a l  material i n  the  

fan duc t ,  but  there is some accampanying p e n a l t v  i n  o v e r a l l  engine v e i g h t .  

To a s su re  success  of t he  engine,  a d d i t i o n a l  e f f o r t  should be d i r e c t e d  toward 

the composite cons t ruc t ion  of t h e  f a n  and compressor b lades  and toward t h e  

Melded Rene' 4 1  shee t  metal cons t ruc t ion  of t h e  low p res su re  t u r b i n e  r o t o r  

blades.  

1 



11. INTRODUCTION 

1-nterest i n  l i f t  fan  engines  f o r  V e r t i c a l  and Short  Take-Off and Landing 

(VSTOL) A i r c r a f t  f o r  commercial a p p l i c a t i o n s  h a s  grown cons iderably  dur ing  

rt:cent years. The NASA L e w i s  Research Center is c u r r e n t l y  s tudying  VSTOL 

engines and endeavoring t o  e s t a b l i s h  technology goa l s .  

As a p a r t  of t h i s  e f f o r t ,  NASA has  ass igned  t h e  Curtiss-Wright Corporation 

t h e  t a s k  of j o i n t l y  des igning  some of t h e  more-promising l i f t  fan  systems. 

Examples of t h i s  type of j o i n t  e f f o r t  are repor ted  i n  References 1 and 2. 

More r e c e n t l y ,  Curtiss-Wright conducted f o r  t h e  Lewis Research Center a pre- 

l iminary f l ight-weight  l ayou t  des ign  of a n  I n t e g r a l  L i f t  Eligine system. T h e  

aerodynamic des igns  of t h e  fan ,  compressor, combustor and t u r b i n e s  were pro- 

vided by NASA. Mechanical s t u d i e s  were conducted by Curtiss-Wright of  s u c h  

t h i n g s  as stresses, c r i t i c a l  speeds,  hea t  t r a n s f e r  and temperature d i s t r i b u -  

t i o n s ,  bear ings  and l u b r i c a t i o n ,  engine v i b r a t i o n s ,  and f u e l  and c o n t r o l  

systems wi th  an o b j e c t i v e  of providing assurance  concerning t h e  f e a s i b i l i t y  

of t h e  design.  

This  Curtiss-Wright e f f o r t  was performed under NASA Contrac ts  NAS 3-12423 and 

NAS 3-14327, and t h i s  r e p o r t  p re sen t s  t h e  design f e a t u r e s  and ana lyses  per- 

formed on t h i s  t a s k  t o  produce t h e  engine design shown i n  F igure  1. 

2 



111 .  ENGilVE DESIGN SPECIFICATIONS 

A complete d e f i n i t i o n  of a l l  enginc flow path geometry, d i f f u s e r  and combustrr 

shapes,  b l ade  geometry, component performance and i n t e r s t a g e  condi t ions  w a s  

provided by NASA. 

The engine component perfGrmance €o r  t h e  normal a l l -engines-operat ing cond i t ion  

and f o r  an  emergency engine-out cond i t i cn  i s  presented i n  F igure  2. 

The performance, b lade  s e c t i o n  coord ina tes  and flow path information of  t h e  

f a n ,  compressor, combustor and t u r b i n e  components were furn ished  by NAS.4 i n  

t he  form of computer p r i n t  o u t s ,  l ayout  ske tches  and t a b l e s  as i d e n t i f i e d  i n  

Figure 3. A l l  NASA t u r b i n e  and combustor information,  except where o therwise  

s p e c i f i e d ,  requi red  s c a l i n g  t o  account fo r  a n  inc rease  i n  engine t h r u s t  of 25 

percent .  

Engine Se rv ice  t i m e  requirements as w e l l  as t h r u s t  v a r i a t i o n  c h a r a c t e r i s t i c s  

f o r  normal and emergency ope ra t ing  cond i t ions ,  as supp l i ed  by NASA, are  shorn 

i n  Figures  4 and 5. 

3 



IY. ENCINE DESCRIPTION 

AII . i sscmbIv drawing of t h e  engine  is shown in Figure 1. 

'Tile e n g i n e  is a two-spool tu rbo  f a n  wi th  a one-stage fan ,  nine-stag0 a x i a l  

compressor, one-stage high p res su re  t u r b i n e ,  and a three-s tage  low p r e s s u r e  

turb ine .  

Normal engine t h r u s t  is 10,000 pounds wi th  v a r i a t i o n s  t o  a m a x i m u m  of 12,500 

pounds as requi red  for a i r c r a f t  s t a b i l i t y  and c c n t r o l .  

The engine incorpora tes  t h e  fol lowing f e a t u r e s :  

1. 

2.  

3.  

4. 

5 .  

Graphite-epoxy composite r o t o r  b lades  i n  t h e  f an  and t h e  f l r s t  t h r e e  

compressor stages. 

Sound treatmer-t honeyr)mb s u r f a c e s  i n  t h e  f a n  exhaust duc t .  

Two-position adjustolent cf compressor i n l e t  gu ide  v a n e  and of s i x  

s t a g e s  o f  compressor s t a t o r s  f c r  t h e  purpose of f a c i l i t a t i n g  engine 

acce le ra t ion .  

Combustor flow path folded over  t h e  compressor to  minimize engine 

l ength  and weig: t .  

Reci rcu la t ing  type o f  l u b r i c a t i n g  system t o  avcid t h e  exhaust ing of 

contaminants. 

The est imated weight of t h e  engine  is 1012 pounds. 

The f a n  s ta tor  housing serves as t h e  t h r u s t  bea r ing  suppor t  f o r  t h e  c o r e  en- 

g i n e .  The o u t e r  r i m  of t h i s  housing is used f o r  engine-to-airframe mounting. 

The f i r s t  s t a t o r s  of t h e  low p r e s s u r e  t u r b i z e  are used f o r  t u r b i n e  bear ing  

.c--?port, and t h e  f a n  exhaust housiiig s t a b i l i z e s  t h e  c o r e  engine  by t r a n s m i t t i n g  

tu rb ine  overhang loads t o  t h e  ncount r i m  of t h e  f a n  s t a t o r  housing. 

There is no mechanical dr ivE connect! wi th  e i t h e r  r o t o r .  S t a r t i n g  is accom- 

p l i shcd  w i t h  sir-impingement nozzles d i r e c t e d  9 '  

b l d c s .  Drives for t h e  o i l  anu f u e l  Y?,.L" :a tied by an esternal  motor. 

t i i  .;I pres su re  t u r b i n e  



1V. ENGINE DESCRIPTION (CONTINUED) 

Speed sens ing  and engine control is accomplished e l e c t r i c a i l y .  

The variable posit ion compressor stators  are synchronized by a system of levers 

and rings located between the combustion chamber s h e l l  and the compressor case.  

Actuation is by hydraulic cylinders. 
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V. COMPONENT DESCRIPTION 

A.  Fan 

The f a n  is composed of a s ing le - s t age  r o t o r  w i th  composite b l ades ,  ;I t i t a -  

nium s t a t o r  housing t h a t  is used as a main s t r u c t u r a l  frame, and a f a n  ex- 

haus t  housing designed t o  provide sound absorp t ion .  

1. Fan Rotor 

The f a n  r o t o r  is i l l u s t r a t e d  i n  F igure  6. 

are dove ta i l ed  i n  a t i t an ium hoop. The b lades  inco rpora t e  a s p l i t t e r  

shroud between t h e  by-pass annulus and t h e  c o r e  engine  i n l e t  annulus. 

Thirty-two composite blades 

The b lades  are made of a graphite-epoxy composite. Graphi te  f i b e r s  

run t h e  f u l l  r a d i a l  l ength  of t h e  tw i s t ed  a i r f o i l  shape and are bonded 

toge the r  wi th  an  epoxy compound. These f i b e r s  con t inue  i n t o  t h e  a t -  

tachment and are splayed by t i t an ium wedges t o  form a d o v e t a i l .  The 

attachment bear ing  s u r f a c e s  are p ro tec t ed  by metal shims bonded t o  the 

blade. 

.'a a p p l i c a b l e  method of b l ade  c o n s t r u c t i o n  is descr ibed  i n  Reference 3. 

Preimpregnated t apes  of p a r a l l e l  g r a p h i t e  f i b e r s  bonded wi th  epoxy 3re 

c u t  t o  form p l i e s  which are s t acked ,  tw i s t ed ,  cambered and bonded t o  

form t h e  blade.  

Metal f a n  b lades  normally r e q u i r e  an i n t e r b l a d e  snubber a t  approxi- 

mately 70 percent  of t h e  b l ade  span  i n  o rde r  t o  avoid b l ade  f l u t t e r .  

The l o w  d e n s i t y  and high modulus of t h e  graphite-epoxy Composite b lades  

r e s u l t  i n  f l u t t e r - f r e e  o p e r a t i o n  without  snubbers.  

Tor s iona l  r i g i d i t y  may be enhanced by inco rpora t ing  some p l i e s  of 

g r a p h i t e  t l b e r s  o r i e n t e d  t o  non-radial  p o s i t i o n s .  However, t h e  f a n  

b l ade  is a s i g n i f i c a n t l y  twis ted  b l ade  and consequently has  consider-  

a b l e  t o r s i o n a l  r i g i d i t y .  
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V. COMPONENT DESCRIPTIO3 (CONTINUED) - 
The blades are r e t a ined  i n  a t i t an ium hoop. Because t h e  composite 

blades a r e  r e l a t i v e l y  l i g h t ,  t h e  requi red  c ross -sec t ion  area of t h e  

hoop is s m a l l .  

The b lades  are t o  be  leaned so  as t o  minimize bending moments i n  t h e  

blade.  Eir.ce t h i s  engine is intended f o r  ope ra t ion  over a very l i m i t t d  

range of thyt is t ,  r o t o r  speed and altitude, t h e  c a n c e l l a t i o n  of gas  

bending mo-nen.ts by c e n t r i f u g a l  l e a n  moments w i l l  b e  e f f e c t i v e .  

The s p l i t t - r  Jhrouds are t o  be  in t e r locked  and preloaded i n  t o r s i o n  s o  

that they form a continuous r i n g  under ope ra t ing  condi t ions .  Conse- 

quent ly ,  t h e  b l ade  at tachments  and c o r e  r o o t s  are p ro tec t ed  from l a r g e  

v i b r a t o r y  mments .  

2. Fan S t a t o r  Housing 

Figure  7 shows t h e  des ign  of t h e  f an  s ta tor  housing. This f a b r i c a t e d  

t i t an ium housin.: sLpports  t h e  f a n  and compressor t h r u s t  bear ings  and 

transmits va r ious  loads  t o  t h e  engine mounts. Oil and vent l i n e s  are 

incorpora ted  as an i n t e g r a l  p a r t  of t h e  assembly. 

I n  t h i s  cons t ruc t ion ,  an  annular  mount r i n g ,  38 by-pass f a n  s t a t o r  

vanes and a c o r e  engine spoked housing are welded toge the r  t o  form a 

l a r g e  double-annulus spoked housing assembly. 

of t h e  s t a t o r s  g ives  a maximum ro to r - to - s t a to r  spac ing  a t  t h e  t i p  where 

p e r i p h e r a l  speed is a maximum. This  is requi red  minimize no i se .  

This  des ign  is a l s o  advantageous f o r  ca r ry ing  t h r u s t  loads  s i n c c  t h e  

c o n i c a l  arrangement uses t e n s i o n  r a t h e r  than  bending t o  transmit t h e  

loads.  

connected by t h e  co re  f a n  s ; a t o r  vanes. These vanes are set r a d i a l l y  

t o  minimize engir.e length .  

The c o n i c a l  arrangemtnt 

The co re  engine spoked housing is formed by a hub and a r i m  

Since s t r e n g t h  and e s p e c i a l l y  r i g i d i t y  are important ,  t h e  by-piiss r a n  

s t a t o r s  and the  co re  f a n  s t a t o r s  are connected t o  t h e  t h r e e  annular  

components by p i e r c i n g  t h e  s e c t i o n s  almost completely.  Af te r  t h c i  t s ’  i d s  

7 



V .  COMPONENT DESCRIPTION (CONTINUED) 

are made, each vane-to-ring connect ion w i l l  serve as a diaphragm tha t  

e l imina te s  d i s t o r t i o n  of t h e  annular  s e c t i o n s .  

3. Fan Exhaust Duct 

The f a n  exhaust duc t  is i l l u s t r a t e d  i n  Figure 8. I t  is composed of 

f o u r  concen t r i c  c y l i n d e r s  connected wi th  t h r e e  s t r u t s .  The c y l i n d e r s  

are made of aluminum honeycomb and p resen t  a m a x i m u m  amount of s u r f a c e  

+o t h e  f a n  exhaust flow. Face s h e e t s  are p e r f o r a t e d  so t h a t  t h e  

honeycomb se rves  as a sound absorber  (Reference 4). 

The f a n  exhaust duc t  is used t o  s t r u c t u r a l l y  connect t h e  engine mount 

r ing  t o  t h e  t u r b i n e  s e c t i o n .  This  r e l i e v e s  t h e  f a n  s t a t o r  housing of 

overhang loads.  The t u r b i n e  is connected t o  t h e  f a n  exhaust housing 

wi th  r a d i a l  l ugs  t h a t  en fo rce  c o n c e n t r i c i t y  y e t  permit r a d i a l  and a x i a l  

thermal expansion. 

B. Compressor 

The comDreSsor is composed of a drum type  of r o t o r  and a s t a t o r  assembly. 

Mechanism is provided t o  enable  vary ing  t h e  s e t t i n g  ang le s  of t h e  i n l e t  

guide vanes and s i x  of t h e  s t a t o r  s t a g e s .  

1. Compressor Rotor 

The compressor r o t o r  layout  is shown i n  Figure 9. 

t i t an ium and inco rpora t e s  s t agge red  d o v e t a i l  s l o t s  f o r  t h e  f i r s t  t h r e e  

s t a g e s .  Composite b lades  of graphite-epoxy are used i n  t h e s e  stages.  

The remaining stages have t i t an ium blades  and t h e  r o t o r  inc ludes  cir- 

cumferent ia l  d o v e t a i l  grooves f o r  re ten t ion  of t h e s e  b lades .  

The r o t o r  drum is 

The composite b lades  and t h e i r  a t tachments  are i d e n t i c a l  i n  p r i n c i p l e  

t o  t h e  f a n  b l ade  design.  Graphi te  f i l amen t s  i n  t h e  b l ade  extend ra-  

d i a l l y  i n t o  t h e  attachment d o v e t a i l .  

t h e  attachment t o  s p l a y  t h e  f i b e r s  and provide t h e  "axe handle". 

Titanium wedges are molded i n t o  
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V. COMPONENT DESCRIPTION (CONTINUED) 

Metal s u r f a c e s  a re  bonded t o  t h e  load s u r f a c e s  of t h e  b l ade  d o v e t a i l  

t o  provide wear resistance between b l ade  and r o t o r  drum, 

The h igher  s t a g e s  use c i r cumfe ren t i a l  d o v e t a i l s .  Blades are provided 

wi th  d o v e t a i l s  of  one-half a p i t c h  of t a n g e n t i a l  width.  

are provided i n  t h e  drum Eroove. Reta iner  blocks are i n s e r t e d  and 

keyed t o  transmit torque and t o  p o s i t i o n  t h e  blades.  

Loading s l o t s  

2. Compressor S t a t o r  Housing 

The compressor s t a t o r  housing is shown i n  F igure  10. The cas ing  and 

b lades  are a l l  t i tanium. 

s h e e t  s tock .  It is an engine d e s i g n  requirement t h a t  t h e  compressor 

i nco rpora t e  v a r i a b l e  geometry. The i n l e t  gu ide  vanes and s t a t o r s  1, 

2,  and 3 m u s t  c l o s e  and s t a t o r s  7 ,  8 and 9 m u s t  open for  l o w  speed 

or -a t ion.  The scheme t o  accomplish t h i s  is a l s o  shown i n  F igure  10. 

The cas ing  is welded of forged r i n g s  and 

The b lades  i n  each v a r i a b l e  s t a t o r  s t a g e  have lever arms connected t o  

a synchronizing ring. By matching t h e  length  of t h e  arms t o  t h e  re- 

qui red  tu rn ing  angle f o r  each s t a t o r  s t a g e ,  t h e  ang le  of r o t a t i o n  of 

each synchronizing r i n g  about t h e  engine a x i s  w a s  made equal .  

r i n g  w a s  then keyed or l inked  t o  i ts  neighbors s o  t h a t  a l l  w i l l  t u r n  

toge ther .  Tangent ia l  hydrau l i c  c y l i n d e r s  connected to  one r ing  were 

s e l e c t e d  t o  ac tua te  t h e  e n t i r c  mechanism. Note t h a t  t h e  l e v e r s  f o r  

t h e  h igh  p r e s s u r e  s t a g e s  were reversed  so t h a t  they w i l l  open when t h e  

e a r l y  stages c lose .  

Each 

C. Combustor 

Figure 11 i l l u s t r a t e s  t h e  combustor and ca,cing. The annular  combust3r i s  

mounted t o  t h e  cas ing  by means of r a d i a l  p lns  p r o j e c t i n g  from t h e  head- 

p la te .  

manifold which is then mounted on t h e  cas ing  wi th  r a d i a l  freedom. 

t i v e  r a d i a l  displacement between nozzles  and headpla te ,  caused by temper- 

a ture  d i f f e r e n c e s  between t h e  hot  combustor and thc: r e l a t i v e l y  cool  f u e l  

manifold, is accommodated by local  s l i d i n g  seals. 

The 24 atomizer nozzles  are s e p a r a t e l y  mounted on a n  annular  f u e l  

Rela- 
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V. COMPONENT DESCRIPTION (CONTINUED) 

I n l e t  a i r  scoops are d i r e c t l y  mounted on t h e  i n n e r  l i n e r  i n s u r i n g  a l i g n -  

ment w i th  t h e  l i n e r  p o r t s .  

Engine disassembly sequence t o  remove t h e  combustor and expose t h e  corn- 

F res so r  r equ i r e s  removal of both t u r b i n e s  and t h e  combustion chamber hous- 

ing.  A f t e r  t h i s  is done, access t o  t h e  compressor exit d i f f u s e r  mounting 

b o l t s  permits  removal of t h e  HP s t a to r  and d i f f u s e r  assembly and t h e n  per -  

m i t s  disassembly of t h e  combtlstor. 

High P r e s s u r e  Turbine D 

The high p r e s s u r e  t u r b i n e  and compressor exit d i f f u s e r  are shown i n  Figure 

12.  A i r  l e av ing  t h e  com2ressor e n t e r s  a s p l i t  d i f f u s e r  and is routed  t o  

t h e  combustor l i n e r  and t o  t h e  HP s t a t o r s .  The d i f f u s e r  is a n  annular  

f a b r i c a t i o n  of s h e e t  metal and carries a shroud f o r  t h e  l a b y r i n t h  seal  

with t h e  r o t o r  d i sk .  The seal r ad ius  w a s  chosen t o  reduce t h e  load on 

t h e  HP t h r u s t  bear ing.  

The HP s t a t o r  vanes are hollow c a s t i n g s  of MAR-M 246. 

both t h e i r  o u t e r  and inne r  shrouds,  which makes them simply-supported 

beams. 

accommodation of t o l e rances  and thermal growths. 

They are loose  a t  

This  mounting is favorab le  f o r  low bending moments and permits  

The o u t e r  shroud is r a d i a l l y  s p l i n e d  t o  t h e  cas ing  f l a n g e  t o  permit rela- 

t i v e  r a d i a l  growth whi le  main ta in ing  c o n c e n t r i c i t y  wi th  t h e  t u r b i n e  ro tor .  

The hollow s t a t o r s  are used t o  pass 20 percent  of t h e  compressor a i r f l o w  

t o  t h e  o u t e r  s u r f a c e  of t h e  combustion chamber. As a consequence, t h e  

s t a t o r  b lades  are cooled by t h i s  forced  convect ion flow. 

The t u r b i n e  r o t o r  b lades  are s o l i d  and unshrouded and inco rpora t e  a con- 

v e n t i o n a l  three- tooth f i r t r e e  attachment.  MAR-M 246 material was s e l e c t e d  

f o r  maximum stress r u p t u r e  l i f e .  

The  r o t o r  d i s k  material is Udimet 700. 
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V. COMPONENT DESCRiPTION (CONTINUED) 

E. Low Pressure Turbine 

Figure 13 shows t h e  LP t u r b i n e  arrangement. The f i r s t  s t a g e  s t a t o r  vanes 

are  hollow and are used as bea r ing  suppor ts .  O i l  supply and r e t u r n  l i n e s  

a r e  passed through s p e c i a l l y  thickened vanes. The i n n e r  shroud is s p l i t  

s o  t h a t  temperature d i f f e r e n c e s  between t h e  inne r  shroud,  t h e  b lades  and 

t h e  o u t e r  shroud w i l l  not r e s u l t  i n  l oads .  The r i m  of t h e  bear ing  suppor t  

cone is i s o l a t e d  from the  i n n e r  shroud wi th  r a d i a l  s p l i n e s .  Again t h e  ob- 

j e c t i v e  w a s  t o  minimize thermal loading  s i n c e  t h e  bea r ing  area w i l l  be  

kept r e l a t i v e l y  cool .  The s p l i n e s  permit r a d i a l  freedom but  i n s u r e  con- 

c e n t r i c i t y .  

The o u t e r  shroud is of double cons t ruc t ion  and a l l  bu t  t h r e e  of t h e  s ta tors  

pierce through and connect t o  both walls. Thus, t h e s e  vanes are being used 

as c a n t i l e v e r s  b u i l t  i n  a t  t h e  o u t e r  shroud and loaded a t  t h e i r  hub ends. 

The t h r e e  s t a t o r  vanes t h a t  were s p e c i a l l y  thickened for o i l  tubes do not  

p e n e t r a t e  t h e  o u t e r  s h e l l .  Consequently, they are s t r u c t u r a l l y  discon- 

nected. Otherwise t h e i r  deeper s e c t i o n  would r e s u l t  i n  excess ive .  stresses 

s i n c e  a l l  b lades  s h a r e  t h e  same hub d e f l e c t i o n .  

The e f f e c t  of t h e  t h r e e  t h i c k  vanes on b l ade  v i b r a t i o n  has  been checked. 

Turbine r o t o r  b l ade  n a t u r a l  f requencies  are h igh  enough t o  avoid exc i t a -  

t i o n  by t h i r d  engine o r d e r  and i ts  f i r s t  harmonic. 

The second and t h i r d  s t a g e  s t a t o r  vanes are also hollow and are c a n t i l e v e r e d  

from rai ls  i n  t h e  o u t e r  cas ing .  They p i l o t  t h e i r  i nne r  shrouds by r a d i a l  

s l i p  f i t s  a t  t h e  hub connection. The e x i t  s t a t o r  vane is s i m i l a r  except 

t h a t  t h e  o u t e r  connect ion is a brazed double-wall cons t ruc t ion .  

The r o t o r  b lades  are hollow and shrouded. Each is a t t ached  t o  a rudi-  

mentary d i s k  by means of a f i r t r e e  connection. The t i p  shrouds are i n t e r -  

locked and preloaded i n  t o r s i o n .  Consequently, b l ade  f requencies  and v i -  

b ra to ry  s t r e n g t h  are increased .  
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V. ~~JMPONENT DESCRIPTION (CONTINUED) 

The r o t o r  b l ade  c o n s t r u c t i o n  s e l e c t e d  f o r  t h e  s p e c i f i e d  97 b lade  conf igu- 

r a t i o n  uses a Rene 4 1  s h e e t  metal a t r f o i l  welded t o  a forged Rene 4 1  t i p  

shroud and b u t t .  

b lades  and t h e  small hub r ad ius  a t  t h e  t h i r d  stage. Blades are c l o s e l y  

spaced and t h e  b l ade  at tachments  a r e  small. 

This  c o n s t r u c t i o n  was d i c t a t e d  by t h e  h igh  number af 

Thickening t h e  d i s k  r i m  t o  1.20 inches resu l t s  i n  s a t i s f a c t o r y  v i b r a t o r y  

s t r e n g t h  i n  t h e  t h i r d  s t a g e  attachment.  Less th ickening  w i l l  b e  needed i n  

t h e  earlier stages s i n c e  they have l a r g e r  attachment r a d i i .  

F u l l  advantage of t h e  in t e r locked  t i p  shrouds i n  reducing v i b r a t o r y  moment 

was taken. I f  it. is d e s i r a b l e  t o  in t roduce  c a s t  b l ades ,  t h e i r  lower fa- 

t i g u e  s t r e n g t h  w i l l  r e q u i r e  a l a r g e r  attachment and a consequent r educ t ion  

i n  t h e  number of b lades .  

The f i r s t  stage r o t o r  is supported on t h e  r o t o r  s h a f t ,  and t h e  remaining 

r o t o r s  are mounted on t h e  f i r s t .  Thus, dur ing  assembly, each r o t o r  c a n  

have i ts  t i p  c l ea rance  measured. Note a l s o  t h a t  t h e  LP t u r b i n e  r o t o r  can 

be removed without  exposing t h e  l u b r i c a t i o n  system. 

F. Bearings and Lubr i ca t ion  

Each r o t o r  s h a f t  is mounted on two bear ings .  The f a n  s h a f t  has  a b a l l  

bear ing  a f t  of t h e  f a n  f o r  both r a d i a l  and thrust  suppor t .  The rear bear- 

ing  is forward of t h e  t u r b i n e  and is a ro l le r  bearing. 

Simi la r  bear ings  are used f o r  t h e  com~i@,sr : shajt .  The t h r u s t  bea r ing  is 

forward of t h e  compressor and t h e  r o l l e r  3e3rFng is a f t  of t h e  t u r b i n e .  

A l l  bea r ings  are p res su re - j e t  l u b r i c a t e d .  Two j e t s  are used f o r  each 

bear ing  except f o r  t h e  1.P r o l l e r  bear ing.  This was done f o r  reasons of 

redundancy; i f  one j e t  should become clogged, t h e  bea r ing  w i l l  cont inue  

t o  ope ra t e  wi th  a h ighe r  temperature  rise of t h e  oil from t h e  one remain- 

ing  j e t .  I n  t h e  case of t h e  LP r o l l e r  bea r ing ,  t h e  hea t  generated i n  t h e  

bear ing  is so low t h a t  if t h e  one j e t  t h a t  is supplying i t  wi th  o i l  should 
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V. COMPOE-JENT -- DESCRIPTION (CONTINUED) 

c log ,  t h e  bear ing would concinue t o  o p e r a t e  on o i l  t h a t  comes down from 

t h e  HP r o l l e r  bear ing  placed j u s t  above i t .  

Eoth t h r u s t  bear ings  are sp l i t - i nne r - r ing  b a l l  bear ings  wi th  i n t e g r a l  pul- 

l e r  provis ion  on t h e  i n n e r  race. This assures t h a t  t h e  bzar ings  can b e  

removed without  damage t o  t h e  races o r  t o  t h e  b a l l s .  

A l l  o i l  jets were s o  placed as t o  d i rec t  t h e  o i l  a t  t h e  i n n e r  diameter  of 

t h e  bear ing  cage t o  g ive  t h e  b e s t  p o s s i b l e  p e n e t r a t i o n  of t h e  o i l  through 

t h c  bear jag .  

The t h r u s t  bear ing  c a v i t y  has a s i n g l e  r e t u r n  and sump at  t h e  bottom poin t  

of t h e  cav i ty .  

there w i l l  be  no puddling o r  o i l  loading  of t h e  sealing Lace t h a t  might 

cause e x t e r n a l  leakage. This  r e t u r n  system has  t h r e e  times t h e  capac i ty  of  

t h e  p r e s s u r e  o i l  flow. This is s u f f i c i e n t  f o r  t h e  intended a p p l i c a t i o n  of 

t h i s  engine as it  w i l l  not o p e r a t e  a t  a l t i t u d e  and w i l l  have an ope ra t ing  

cycle  t h a t  is l i m i t e d  t o  f i v e  minutes du ra t ion .  A by-pass passage is pro- 

vided around t h e  HP t h r u s t  bea r ing  s o  t h a t  o i l  from t h e  LP Sea r ing  w i l l  not 

go through t h i s  HP bea r ing  snd cause o i l  churning. 

This  sump was placed o u t s i d e  t h e  lower s h a f t  seal such t h a t  

A vent  connect ion is placed between t n e  two t h r u s t  bear ings .  

s e p a r a t e l y  connected t o  t h e  o i l  supply tank. 

and t h e  HP s h a f t  is used as a vent  passage t o  t h e  b o t  end r o l l e r  bea r ing  

cav i ty .  A t ube  through t h e  compressor r o t o r  w i l l  c o n s t r a i n  any o i l  t h a t  

g e t s  i n t o  t h i s  vent  t r a n s f e r  and w i l l  gu ide  i t  i n t o  t h e  r o l l e r  bear ing  re- 

t u r n  system. 

Tnis vent  is 

The area between t h e  LP s h a f t  

The ho t  end r o l l e r  bear ing  support  has  t h e  r o l l e r  bea r ings  f o r  both t h e  LP 

and t h e  HP shafts. This  hear ing  suppor t  is mounted to  t h e  f i r s t - s t a g e  LT’ 

t u r b i n e  s t a t o r  vanes. Oil supply and r e t u r n  J fnes  pass  through t h e s e  vanes 

whereas  t h e  vent  connect ion is t o  t h e  t h r u s t  bear ing  cav i ty  as descr ibed  

above. T h i s  was done f o r  two reasons.  F i r s t ,  running a vent connectit3n 

through t h e  ho t  s ta tor  vane is not  recommended Secause low vapor v e l o c i t y  

13 



v. - COMPONENT D~SCRIPTION (CONTINUED) 

will encourage cokirtg of t h e  o i l  on t h e  inne r  vent  w a l l  wi th  t h e  possi-  

b i l i t y  of complete c logging of t h e  vent  l i n e .  Secondly, t h e  requi red  l i n e  

s i z e  is too l a r g e  t o  b e  placed wi th in  t h e  vane. 

The cons t ruc t ion  of t h e  p r e s s u r e  j e t s ,  t h e  r e t u r n  system and t h e  s h a f t  

seals f o r  t h e  r o l l e r  bear ing  cav'ty is e s s e n t i a l l y  t h e  same as i n  t h e  

t h r u s t  bear ing  se tup .  

A l l  r o t a t i n g  s h a f t  seals are a carbon-face t y p e  w i t h  a bellows a c t i n g  as 

t h e  secondary seal and 9s t h e  seal f a c e  loading  sp r ing .  

S ince  t h e  o i l  supply f o r  t h e  rear bea r ings  is conducted in tubes through 

t h e  LP f i r s t  s t a t o r  b l ades ,  s p e c i a l  measures a r e  taken t o  i n s u r e  t h a t  tub- 

i ng  wal ls  remai- cool  enough t o  avoid coking of t h e  l u b r i c a n t .  

A f l a t t e n e d  tube was used t o  maximize t h e  i n s u l a t i n g  a i r  space  between 

b l ade  and tube.  Adequate o i l  f lo-:  w i l l  be  maintained t o  keep t h e  tub ing  

w a l l  temperature  below il. coking va lue .  Each o i l  tube  is doubled a n d  con- 

duc t s  both coo l  o i l  i n  and scavenge o i l  ou t .  A small by-pass p o r t  can be 

provided between t h e  two a t  t h e  r a d i a l l y  inward end of t h e  s t a t o r  s o  t h a t  

continuous r e c i r c u l a t i o n  is assured i n  s p i t e  of a i r c r a f t  maneuver accel- 

e r a t i o n s .  

G.  Accessories  

The engine is provided wi th  t h e  fol lowing equipment: 

Impingemeqx- S t a r t e r  

Externai  Oil System 

Fuel and Control  System 

Fuel Control  and Fuel  Pump 

I b n i t  i o n  System 

Sensors f o r  HP Speed, Compressor Discharge P res su re  and Exhaust 

Gas Temperature 

Accessory Drive Motor 
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V .  COMPONENT DESCRIPTION (CONTINlJEI)) 

I .  T u r b i n e  Impingement S t a r t e r  - 
The engine is s t a r t e d  by i n j e c t i n g  high p res su re  a i r  t a n g e n t i a l l y  

aga ins t  t h e  h igh  pressure t u r b i n e  r o t o r  b lades .  The arrangemenr. t o  

perform t h i s  is i l l u s t r a t z d  i n  F igure  8. 

The system conducts .,igh pressure a i r  from a n  e x t e r n a l  sou rce  through 

tubes i n  one s t r u t  of t h e  f a n  exhaust duct .  A manifold a t  t h e  c o r e  

engine d i s t r i b u t e s  t h i s  a i r  t o  f o u r  nozzles  d i r e c t e d  a t  t h e  t u r b i n e  

b lades .  The nozz les  are convergent-divergent t o  maximize t h e  accel- 

era ' - ion torque f o r  a given a i r  consumption. 

2. Externa l  Oil System 

The e x t e r n a l  o i l  system cunsists of a p r e s s u r e  pump supply ing  o i l  to  

t h e  bear ing j e t s ,  two scavenge pumps r e t u r n i n g  o i l  from t h e  engine  

bear ink c a v i t i e s ,  an  o i l  tank f o r  o i l  s t o r a g e  and deae ra t ion ,  a heat 

exchanger f o r  o i l  cool ing ,  and var ious  items such as a f i l t e r ,  check 

va lves ,  tub ing ,  etc.  This r e c i r c u l a t i n g  system was compared wi th  an  

o i l  m i s t  throw away sys tem.  Although t h e  l a t t e r  is p o t e n t i a l l y  l i g h t e r  

and t h e  quan t i ty  or' o i l  d i scarded  is small, ii is u n l i k e l y  t h a t  any 

preventab le  contamination of t h e  atmosphere w i  il be  acceptab le .  

A comparison was a l s o  made betwee.\ B l u b r i c a t i o n  system f o r  each en- 

g i n e  and a syscem where t h r e e  engines s h a r e  as many comkonents as pos- 

s i b l e .  F igcres  14 and 15 a re  schematics  of t h e  two systems. There is  

l i t t l e  weight d i f f e r m c e  per  engine between t h e  two. I f  each engine 

h a s  i ts own l u b r i c a t i o n  system, f a i l u r e  of a component can only a f f e c t  

one engine; i .e. , a i r c r a f t  r e l i a b i l i t y  is enhanced. Also,  t h e  inde- 

pendent system enables  engine placement i n  any p a t t e r n .  I n  view of 

these  advantages,  each engine was given i ts  own l u b r i c a t i o n  system. 

The mechanical power t o  d r i v e  t h e  oil pumps is Shawn as a n  e lectr ic  

motor. 

t o  be  d iscussed  l a t e r .  Since both o i l  p r e s s u r e  and f u e l  pressuTc' are  

needed s inx l t aneous ly ,  t h i s  arranqemnnt w a s  s e l e c t e d .  

A l t e r n a t i v e l y ,  t h e  pumps may be  d r iven  from t h e  f u e l  pump motor 
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V. COMPONENT DESCRIPTION (CONTINUED) 

3. Fuel and Control  System 

The engine is provided wi th  a f u e l  c o n t r o l  t h a t  r e g u l a t e s  t h e  f u e l  

flow. It conta ins  an e l e c t r o n i c  computation s e c t i o n  t h a t  r e c e i v e s  in-  

puts  from var ious  sources .  

.-.ontrol t h a t  determines t h e  necessary t h r u s t  level for t h e  p a r t 2 c u l a r  

engine. Other i npu t s  are produced by engine t r ansduce r s  for HP r o t o r  

speed, compressor d i scha rge  p res su re ,  compressor i n l e t  temperature ,  

and exhaust gas temperature. Computatior, s e c t i o n  output  s i g n a l s  

go to  t h e  f u e l  metering system, the  i g n i t i o n  system and t o  t h e  

compressor s t a t o r  a c t u a t i o n  hydrau l i c  c o n t r o l  valve.  

One input  is rece ived  f r o a  a superv isory  

See F igure  16. 

A s i n g l e  i g n i t i o n  system is used t o  supply a group of f o u r  engines.  

S e e  Figure 17. 

The senso r  for compressor speed is a v a r i a b l e  r e luc t ance  pickup opera- 

t i n g  close t o  a toothed wheel. 

t ransducers  are used f o r  measurement o f  t h e  remaining engine v a r i a b l e s .  

Conventional p r e s s u r e  and temperature  

The superv isory  c o n t r o l ,  mentioned above, is respons ive  t o  a i r c r a f t  

performance and s t a b i l i t y  requirements.  It may s e n s e  a n  uncommanded 

r o l l  rate and signal f o r  increased  t h r u s t  on t h e  a p p r o p r i a t e  engines.  

This superv isory  control is not  considered as p a r t  of t h e  i n d i v i d u a l  

engfne c o n t r o l  system. 

The d r i v e  motor f o r  t h e  f u e l  pump and 1 u b r i c a t i o E  pumps is an  a i r  tur- 

bine.  

is a v a i l a b l e  on t h e  a i r c r a f t  f o r  t h i s  purpose and a l s o  for supplying 

the impingement starter. 

It has been assumed t h a t  an a p p r o p r i a t e  sou rce  of air p r e s s u r e  

S imi l a r ly ,  t' source of high p r e s s u r e  o i l  has  been assumed t o  be  

a v a i l a b l e  for a c t u a t i n g  the  hydraul ic  c y l i n d e r s  of t h e  v a r i a b l e  

s t a t o r  mechanism. 
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‘ 1 ’ 1 1 ~  I O ~  I o w i i i g  s c - c . t i o n  ul tire rcpur t  documelits a i i i i~yses 0 1  c r i t i c a l  cornponcnts 

0 1  i IN. t*iigiiie. I n  gene ra l ,  t2;lcli Ltii.iLysis a p p l i e s  t o  t h e  conf igu ra t ion  siiown 

i n  t i i t .  t-omponent layouts ,  Figures  6-13. I n  some cases, t h e  a n a l y s i s  strowed ;I 

need f o r  changes. These changes were i nco rpora t rd  i n  t h e  assembly drawing, 

Figure 1 ,  and i n  t h e  engine weight estimate. 

U n l e s s  otherwise s p e c i f i e d ,  a l l  ca l cu la t ed  va lues  are c o n s i s t e n t  wi th  t h e  

12,500 lb. t h r u s t  cond i t ion  and s e c t i o n  p r o p e r t i e s  as def ined  i n  t h e  engine  

s p e c i f i c a t i o n s .  

The var ious  ana lyses  i n d i c a t e  t h a t  t h e  engine  des ign  s o l u t i o n s  are f e a s i b l e .  

l’here 3re some areas, however, w h e r e  a n a l y s i s  a lone  is inadequate  t o  i n s u r e  

t h e  success  of a design. The outs tanding  example i n  t h i s  engine is t h e  use of 

composite blades.  I n t e n s i v e  development experience is an  abso lu te  requirement 

t o  i n s u r e  t h e  success  of such a design choice.  

Each design s o l u t i o n  has  been reviewed wi th  t h e  a p p r o p r i a t e  s p e c i a l i s t .  

some i n s t ances  approval  w a s  g ran ted  on t h e  condi t ion  t h a t  experimental  devel-  

opment  would be permitted.  An example is t h e  hollow s h e e t  mecal b lade  for t h e  

LP tu rb ine  r o t o r .  The s h e e t  metal a i r f o i l  is t o  be e l e c t r o n  bean welded t o  a 

forged b u t t .  Problems of alignment and weld i n t e g r i t y  czn only bz solved by 

process development. 

rnaLerial which is d i f f i c u l t  to  weld. 

In  

Tnc problem is compounded by t h e  choice  of Rene 41 

A.  Fan - 
T h i s  s e c t i o n  con ta ins  a discuc,sion of t h e  ana lyses  performed i n  t h e  a r e a s  

lji Fan Rotor Blade Stresses, Overspeetl S t rength ,  Vibratory S t rength ,  

Attachment S t r eng th ,  Natural  F r e q u e n c i e s ,  F l u t t e r  kiargin and Fan Rotor 

D i s k  Strength.  The Fan S t a t o r  Vane design w a s  considered mechanically 

conserva t ive  and was not analyzed i n  d e t a i l .  
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VI. DESIGN ANALYSIS AND DISCUSSION (CONTINUED) 

1. Fan Rotor Blade S t r e s s e s  

The f an  r o t o r  b l ade  is loaded by c e n t r i f u g a l  and gas  fo rces .  The 

c e n t r i f u g a l  stresses are t abu la t ed  i n  F igure  18. A t  t h e  r o o t ,  t h e  

stress is 18,000 psi. 

Gas bending moments a t  :he roo t  of t h e  b l ade  were es t imated  as: 

3200 i n .  l b s .  Tangent ia l  

3400 i n .  I b s .  &vial 

Blade f l e x i b i l i t y  reduces t h e  gas  bending stress s i n c e  c e n t r i f u g a l  

f o r c e s  produce a compensating moment. 

2200 in .  l b s .  Tangent ia l  

2700 i n .  l b s .  Axial  
4 

Tbe consequent maximum bending stress i s  57,000 p s i .  

Since t h i s  is a l i f t  engine,  i t  ope ra t e s  i n  a l i m i t e d  range of t h r u s t ,  

r o t o r  speed and a l t i t u d e .  Consequently t h e  b l ade  can be leaned so 

t h a t  cen t r c fuga l  moments cance l  t h e  gas  bending moments, and the  blade 

stress for s teady  state cond i t ions  approaches t h e  c e n t r i f u g a l  va lue  of 

18,000 p s i .  

moments is shown i n  F igure  19. 

The b lade  l e a n  shape for c a n c e l l a t i o n  of gas  bending 

2. Fan Rotor B l a c k  Overspeed St rength  

For an overspeed cond i t ion  of 15% above t h e  top  s p e c i f i e d  s p e e d  of 

4100 R P M ,  t h e  consequent r o o t  stress is 25,000 p s i .  The u n i d i r e c t i o n a l  

s t r e n g t h  of t h e  composite is 130,000 p s i .  (NARMCO Modulite 5206). 

Consequently t h e r e  is cons iderable  margin of s a f e t y  t o  a l low f o r  

s p l i t t e r  weight,  t h e  e f f e c t  of cross p l i e s  and t h e  a d d i t i o n  of  lead ing  

edge p ro tec t ion .  



V I .  DESIGN ANALYSlS AND DISCUSSION (CONTINUED) 

' 3 .  Fan Rotor Blade Vibratory S t rength  

Next cons ider  t h e  f a t i g u e  s t r e n g t h  of t h e  b l ade  r o o t .  

S t rength  d a t a  from References 3 and 5 a r e  p l o t t e d  i n  F igure  20 and 

i n d i c a t e  a n  a l lowable  v i b r a t o r y  stress f o r  t h e  graphite-epoxy compo- 

s i t e  of - +60,000 p s i  a t  a s teady  s t a t e  stress of 18,000 p s i .  

I t  is a Curtiss-Wright des ign  o b j e c t i v e  t o  permit a v i b r a t o r y  stress 

of two times t h e  gas  bending stress. This  r a t i o  is c a l l e d  t h e  

Allowable Vibra tory  S t r e s s  
Gas Bending S t r e s s  V i b r a t o r y  Margin = 

Consider f i r s t  t h e  e n t i r e  a i r f o i l  c a n t i l e v e r e d  from i ts  attachment a t  

t h e  co re  roo t .  Allowing f o r  c e n t r i f u g a l  suppor t ,  t h e  gas  bending 

stress as s t a t e d  ear l ier  is 57,000 p s i .  The consequent v i b r a t o r y  

margin is 

= 1 approx. 60,000 
57,000 v M =  

The b l ade  has  a s p e c i f i e d  thickness-to-chord r a t i o ,  t / c ,  of 8 percent .  

Increas ing  t h i s  t o  12% w i l l  c u t  t h e  bending stress i n  h a l f  and g ive  a 

v i b r a t o r y  margin of two. See Figures  20 and 21. 

I t  w i l l  be shown later t h a t  t h e  concept of t h e  e n t i r e  a i r f o i l  v i b r a t -  

i n g  as  a n  unsupported c a n t i l e v e r  is not  c o n s i s t e n t  wi th  a t t a c h m e n t  

s t r e n g t h .  The suppor t  of t h e  s p l i t t e r  shroud is used and, zonse- 

quent ly ,  t h e  v i b r a t o r y  moment a t  t h e  r o o t  of t h e  f an  b l ade  is reduced. 

It  will a l s o  be shown l a t e r  t h a t  o t h e r  cons ide ra t ions  r e q u i r e  t h e  1 2  

percent  thickness-to-chord r a t i o .  

These f a c t o r s  r e s u l t  i n  a large v i b r a t o r y  margin f o r  t h e  a i r f o i l  a t  

i ts  co re  root .  
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V1. DESIGN ANALYSIS AND DISCUSSION (CONTINUED) 

A similar analysis was made for the blade section at the root of the 

bypass annulus; i.e., just above the splitter shroud. Vibrarory 

strength considerations are met with the specified 7 percent thickness- 
to-chord ratio. See Figure 21. Again, other factors will be sh3wn 

to require a 12 percent thickness ratio. 

4 .  Fan Rotor Blade Attachment Strength 

The attachment consists of a dovetail on the composite blade and 
matching titanium tenons on the disk. Stresses were calculated for 

centrifugal and moment loads and account for stress concentrations 

and load proximity. The assumption was made that the analysis, de- 

veloped for metal blade attachments, would be adequate for preliminary 

analysis. 

The effect of the splitter shroud is especially important for the 

blade attachment. Significant blade vibration is characterized by 

phase differences in blade motion. As some blades swing to a tan- 

gentially leading position others swing t o  a trailing posirlon. Con- 

sequently, a continuous shroud is acted on by opposing forces and 

does not participate in the vibratory motion. 

Shrouds at the blade tip would be very effective in minimizing blade 

vibratory stresses. The splitter shroud is expected to be e w n  more 

effective in reducing the vibratory moment felt by the blade attach- 

ment. 

The analysis reported here assumed a shroud effectiveness as though it 

were located at the blade tip rather than at its true splitter loca- 
tion. 

factory with the excqtion of the disk tenon. The increased ef fec-  

tiveness at the splitter location is expected to produce a satis- 

factory vibratory margin for the disk tenon. It will be necessary to 

interlock the splitter shrouds to make them an effectively continuous 

ring. 

As may be seen in Figure 21, the vibratory margins were satis- 

20 



5. Fan Rotor Blade Natura l  Frequencies  

The n a t u r a l  f r equenc ie s  of t h e  bypass  p o r t i o n  of t h e  f a n  b l ade  are 

presented  i n  F igu re  22. The b l a d e  as s p e c i f i e d  had a 7 percen t  

thickness-to-chord r a t i o  a t  its r o o t  and i t s  bending frequency coin- 

c i d e s  w i t h  second o r d e r  e x c i t a t i o n  n e a r  des ign  speed. Because of 

i n l e t  flow d i s t o r t i o n s  i n  t h e  a i r c r a f t  i n s t a l l a t i o n  i t  is good p r a c t i c e  

t o  have a l l  b l ade  f r equenc ie s  above second engine  o rde r .  Accordingly,  

t h e  b l a d e  w a s  t apered  from t h e  s p e c i f i e d  t i p  t o  1 2  percent at  t h e  

bypass r o o t .  The consequent f r equenc ie s  a l s o  shown i n  F igu re  22  were 

r a i s e d  and avoid second engine o r d e r  e x c i t a t i o n .  

Frequencies f o r  t h e  co re  p o r t i o n  of t h e  f a n  b l ade  are g iven  i n  

F igure  23. Values are  very  high.  The number of  stator b lades  behind 

the  r o t o r  is 1 9  and the s p e c i f i e d  8% conf igu ra t ion  avo ids  t h i s  ex- 

c i t a t i o n .  However, t o  avoid an abrupt  t r a n s i t i o n  from the 12 percent  

b y p a s s  r o o t ,  t h e  co re  b l ade  w a s  made 12  pe rcen t  a l s o .  

h .  r’an Rotor Blade F l u t t e r  Margin 

The  f a n  b l a d e  has  been checked f o r  bending and t o r s i o n a l  f l u t t e r  by 

comparing t h e  Reduced Frequency Parameter t o  l i m i t i n g  va lues .  

v Reduced Frequency Parameter = bw 

V = re la t ive  flow v e l o c i t y ,  f e e t  p e r  second 

b = one half chord,  f e e t  

w = 2 T f  

f = n a t u r a l  f requency,  h e r t z  

F igu res  24 and 25 g i v e  va lues  of t h e  parameter for both  bending a n d  

t o r s i o n a l  f l u t t e r .  For s t a b l e  ope ra t ion  t h e  values should be less 

than : 

6.6 f o r  bending 

2 .0  f o r  t o r s i o n  
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V I .  DESIGN ANALYSlS AND DISCUSSION (CONTINUED) 

The f i g u r e s  show t h a t  t h e  b l ade  is s a t i s f a c t o r y  i n  bending i n  e i ther  

t h e  7 o r  1 2  percent  t / c  conf igu ra t ions .  In  t o r s i o n ,  however, t h e  

1 2  percent  is necessary t o  avoid t h e  f l u t t e r  region.  

The r o t o r  b lade  r o o t  thickness-to-chord r a t i o s  t o  meet t h e  combined 

requirements  of v i b r a t o r y  s t r e n g t h ,  n a t u r a l  frequency and f l u t t e r  

are t abu la t ed  i n  F igure  26. 

7. Fan Rotor Disk S t rength  

The fan r o t o r  b l ades  are supported on a t i t an ium hoop. The t o t a l  

r a d i a l  load of t h e  b l ades ,  a t tachments  and hoop is 400,000 l b s .  The 

cont inuous c ross -sec t ion  area of t h e  hoop is 1.10 square  inches.  The 

consequent hoop stress is: 

= 58,000 p s i  400,000 
2 t T  x 1.10 

A t  an overspeed of 15% above t h e  maximum ope ra t ing  speed, t h i s  stress 

becomes 80,000 p s i .  A s t r e n g t h  c r i t e r i o n  for overspeed is 90 percent  

of t h e  d i s k  material u l t i m a t e  t e n s i l e  s t r e n g t h .  

Material, Titanium, 6A1 - 4V 
UTS = 150,000 p s i  

150,000 x 90% 1.69 
80,000 

Consequently, t h e  hoop meets t h e  overspeed c r i t e r i o n  wi th  a l a r g e  

margin of s a f e t y .  Increased th i ckness  of t h e  b l ades ,  as d iscussed  

earlier, can be accepted by t h i s  d i s k  design.  

B. Compressor 

This  s e c t i o n  p resen t s  p r imar i ly  t h e  stress and v i b r a t i o n a l  results of 

ana lyses  on t h e  compressor r o t o r  and s t a t o r  blades.  
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VI. DESIGN ANALYSIS AND DISCUSSION (CONTINUED) 

1. Compressor Rotor Blade S t r e s s e s  

Stages 1, 5 and 9 were s e l e c t e d  f o r  a n a l y s i s .  Cen t r i fuga l  and gas  

bending stresses a t  t h e  b l ade  r o o t  are t abu la t ed  i n  Figure 27. 

All of t h e  r o t o r  b1ad-s are t o  be leaned t o  cancel gas  bending 

stresses. Steady stresses are l a r g e l y  c e n t r i f u g a l  and, even a t  t h e  

overspeed condi t ion ,  t h e  stresses are low. 

2. Compressor Rotor Blade Vibratory S t rength  

The v i b r a t o r y  margin for t h e  f i r s t  s t a g e  a i r f o i l  is  w e l l  i n  excess of 

t h e  minimum design requirement of two. With t h e  b l ade  geometry as 

s p e c i f i e d  by NASA f o r  aerodynamic cons ide ra t ions ,  t h e  t i t an ium stases 
d id  no t  hsve adequate  a i r f o i l  v i b r a t o r y  margins. Changes i n  roo t  

th ickness  were required a s  follows: 

Present  t / c  

Required t/c 

Stage  5 Stage 9 

7% 7% 

10% 12% 

The consequent a i r f 3 i l  stresses and v i b r a t o r y  margins are presented 

i n  Figure 27. Blcde attachment v i b r a t o r y  s t r e n g t h s  are also l i s t e d  

i n  F igure  27 under Doveta i l ,  Tenon and Drum. As shown i n  t h e  f i g u r e ,  

t h e  stages have acceptab le  values .  

3. Compressor Rotor  Blade Natural Frequencies 

The b l ade  n a t u r a l  f requencies  of compressor r o t o r  s t a g e s  1, 5 and 9 

were c a l c u l a t e d .  

are p r e s e n t e d  i n  F i g u r e  28. F i r s t  bendirig and torsional f requencies  

are w e l l  above second o rde r  e x c i t a t i o n .  There are n ine teen  f a n  
stators ahead of t h e  f i r s t  stage blade and 48 i n l e t  guide vanes and 

f i r s t  s t a g e  s t a t o r s  immediately ad jacent  t o  t h i s  blade.  Resonances 
with these o r d e r s  are  confined t o  the  low speed range. 

The f requencies  and e x c i t a t i o n s  for t h e  f i r s t  s t a g e  

A s i m i l a r  s i t u a t i o n  occurs  f o r  t h e  5 t h  s t a g e  b lade ,  see Figure  29. 
The 67th  and 73rd orde r  e x c i t a t i o n  represent t h e  ad jacent  s t a t o r  

numbers. Frequencies have been shown f o r  blades wi th  a 7% and  a n  1 1  
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VI. DESIGN ANALYSIS AND DISCUSSION (CONTINUED) 

th ickness  t o  chord r a t i o .  F l u t t e r  a n a l y s i s  repor ted  la te r  i n d i c a t e s  

t h a t  t h e  7% t / c  r a t i o  b l ade  does not  meet t h e  l i m i t i n g  t o r s i o n a l  

f l u t t e r  va lue .  

meter value.  From t h e  s t andpo in t  of b lade  frequency, e i t h e r  b lade  

avoids  s i g n i f i c a n t  e x c i t a t i o n s  and is acceptab le .  

A change t o  11% produces an accep tab le  f l u t t e r  para- 

The n i n t h  s t a g e  b l ade  f requencies  are shown i n  F igure  30. For t h i s  

stage, v i b r a t o r y  s t r e n g t h  cons ide ra t ions  require a 12% thickness-to- 

chord conf igura t ion .  Adjacent s t a t o r  numbers a r e  very  high and can 

e x c i t e  t h e  b lade  only at very low speeds.  The e x c i t a t i o n  from t h e  12 

s t r u t s  i n  t h e  e x i t  d i f f u s e r  is  a l s o  shown. Wi th  t h e  requi red  12% 

b lade ,  bending resonance w i t h  t h e  s t r u t  e x c i t a t i o n  is  below 50% r o t o r  

speed, and t o r s i o n a l  resonance is w e l l  above top  speed. Thus t h e  

s t r e n g t h  inc rease  has  r e s u l t e d  i n  a s a t i s f a c t o r y  frequency condi t ion .  

4 .  Compressor Rotor Blade F l u t t e r  Margin 

The f l u t t e r  parameters have been c a l c u l a t e d  f o r  t h e  compressor r o t o r  

b l ades  of stages 1, 5 and 9 ,  and t h e  va lues  are t abu la t ed  i n  Figures  

24 and 25. For f l u t t e r  cons ide ra t ions  t h e  5 t h  and 9 t h  s t a g e s  r e q u i r e  

an i n c r e a s e  from t h e  s p e c i f i e d  7% thickness-to-chord r a t i o  t o  ;in 11% 

r a t i o  t o  lower t h e  t o r s i o n a l  f l u t t e r  parameter by r a i s i n g  t h e  tor- 

s i o n a l  n a t u r a l  frequency. 

As repor ted  earlier,  v i b r a t o r y  s t r e n g t h  r e q u i r e s  a thickness-to-chord 

r a t i o  of 1 2  percent  i n  t h e  9 t h  s t a g e  r o t o r  blade.  

exceeds t h e  minimum requi red  of 11%, t h e  12% b lade  is accep tab le  f o r  

both  s t r e n g t h  and f l u t t e r .  

S ince  t h i s  r a t i o  

Refer t o  F igure  26 f o r  a summary of t h e  f i n a l  thickness-to-chord 

r a t i o s  t o  s a t i s f y  v i b r a t o r y  s t r e n g t h ,  n a t u r a l  frequency and f l u t t e r  

requirements.  
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I ) .  CoinprcAssor S t a t o r  Vane Vibra tory  S t r eng th  

f g a i n ,  stages 1, 5 and 9 were s e l e c t e d  f u r  a n a l y s i s .  The f i r s t  s t a g e  

vane w i t h  t h e  s p e c i i i e d  geometry i s  adequate ,  bu t  t h e  vanes of s t a g e s  

5 and 9 are cons ide rab ly  unders t rength .  The fo l lowing  changes were 

r equ i r ed  t o  Dbtain s a t i s f a c t o r y  v i b r a t o r y  margins. 

Stgge 1 5 9 

Present  t / c  7% 7% 7% 
Required t / c  7% 12% 12% 

Chord Inc rease  0 11% 15% 

S t r e s s e s  and v i b r a t o r y  margins are t a b u l a t e d  i n  F igu re  31 f o r  t h e  

r ev i sed  vanes.  

6. Compressor S t a t o r  Vane Na tu ra l  Frequencies 

Natura l  f r equenc ie s  of t h e  s t a t o r  vanes f o r  s t a g e s  1, 5 and 9 are 

given i n  F igures  32 and 33. F i r s t  engine  o r d e r  e x c i t a t i o n  from r o t o r  

unbalance and h igher  o r d e r  e x c i t a t i o n s  from a d j a c e n t  r o t o r  b l ade  

numbers a r e  shown. No major resonances are a n t i c i p a t e d .  

Thickness and chord changes requi red  f o r  v i b r a t o r y  s t r e n g t h  w i l l  not  

a l t e r  t h i s  conclus ion .  See F igu re  26. 

C. COMBUSTOR 

The  mechanical des ign  of t h e  combustor was ob ta ined  by d i r e c t  comparison 

w i t h  a combustor desigr, from a Curtiss-Wright l i f t - c r u i s e  engine.  Feasi-  

b i l i t y  of the des ign  concepts  has  been demonstrated by s u c c e s s f u l  opera- 

t i o n .  

The rma l  expansion loads  have been l a r g e l y  e l imina ted  by provid ing  s l i d i n g  

j o i n t s  between major components. The f u e l  manifold is i s o l - t e d  from 

cas ing  r a d i a l  growth by r a d i a l  s l o t s  a t  t h e  mounting b o l t s .  Fuel nozzles  

and swirl cups a re  f r e e  t o  move r e l a t i v e  t o  t h e  burner  head p l a t e .  T h e  
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V I .  DESIGN ANALYSIS AND DISCUSSION (CONTINUED) 

he'td pla te  mounting f o r  t h e  Ihe r s  is ,  i n  t u r n ,  mounted on r a d i a l  p ins  t o  

t h e  cas ing ,  aga in  pe rmi t t i ng  r e l a t i v e  r a d i a l  growth. And f i n a l l y ,  a x i a l  

growth of t h e  liners is  accommodated with a x i a l l y  s l i d i n g  seals a t  t h e  HP 

s t a t o r  vane shrouds.  

F ina l  design c a l c i J a t i a n s  of l i n e r  creep s t r t n g t h ,  o u t e r  l i n e r  buckl ing 

margin and minimum s h e l l  th icknesses  are n o t  expected t o  s i g n i f i c a n t l y  

a l t e r  t h e  conf igu ra t ion .  

The f a c t  t h a t  t h e  combustor is folded over  t h e  compressor has  not  c r ea t ed  

s e r i o u s  mechanical prob! 3s .  Crowding of t h e  v a r i a b l e  s t a t o r  mechanism 

and poor a c c e s s i b i l i t y  t o  t h e  compressor are real but  not c r i t i c a l  

problems. The s h o r t  s h a f t i n g  t h a t  r e s u l t s  from t h e  folded flow p a t h  is 

b e n e i i c i a l  from a c r i t i c a l  speed s tandpoin t .  This, p l u s  t h e  l igh tweight  

composite components, c o n t r i b u t e  t o  high f an  and compressor mode f r e -  

quencies.  

D. HIGH PRESSURE TURBINE 

Stress and some v i b r a t i o n a l  ana lyses  of t h e  h igh  p res su re  t u r b i n e  r o t o r  

b lade  and d i s k  and of t h e  s t a t o r  vane are d iscussed  i n  t h i s  s e c t i o n .  

1. H.P. Turbine Rotur Blade S t r e s s  Rupture L i f e  

F i r s t  cons ider  t h e  nominal cond i t ion  of 10,OCO l b s .  t h r u s t .  Centr i -  

fuga l  stress and a l lowable  stress are p l o t t e d  i n  F igure  34. 

t he  stress is always f a r  less t h a n  t h e  a l lowable  va lue  f o r  2000 hours 

of l i f e ,  t h i s  nominal cond i t ion  can e a s i l y  be t o l e r a t e d .  

Since 

The curve s h o w  t h a t  t h e  r a t i o  of imposed stress t o  a l lowable  stress 

reached a maximum a t  approximately one f o u r t h  of t h e  b l ade  span. 

This  then r e p r e s e n t s  t h e  c r i t i c a l  s e c t i o n  f o r  t h e  assumed temperature 

d i s t r i b u t i o n .  

I n  t h e  work t h a t  fol lows,  i t  w i l l  be assumed, couse rva t ivc ly ,  t h i i t  L ~ C !  

peak  temperature coincides w i t h  t h e  stress a t  this critical soct io i i .  



V I .  1)liSIC;N ANALYSJS AND DlSCUSSlON (CONTLNUED) 

Now cons ider  t h e  duty cyc le  shown i n  F igure  35. T h i s  is ; iu  i i i terpre-  

t a t i o r .  of t h e  cyc le  given i n  t h e  Design S p e c i f i c a t i o n .  I n  o rde r  t o  

determine t h e  b l ade  l i f e  under duty c y c l e  c m d i t i o n s ,  i t  is necessary 

t o  ca l cu la t e  t h e  l i f e  f o r  ea-h ope ra t ing  condi t ion .  As an example, 

t h e  l i f e  a t  t h e  12,500 I b .  t h r u s t  cond i t ion  is c a l c u l a t e d  below. 

Rotor b lade  r e l a t i v e  temperature  = 1575°F 

(Estimated be fo re  s p e c i f i c a t i o n  v a l i .  OL 1561'F was a v a i l a b l e ,  

Well w i t h i n  requi red  accuracy.)  

Temperature a t  c r i t i c a l  s e c t i o n  

(1575 + 460) 1.05 = 2140°R 

S t r e s s  a t  c r i t i c a l  s e c t i o n  
3 

14 700 32,500 x (13:818) = 36,700 p s i  

Larson-Miller Pai-ameter = P 

where 
-3 

T = metal temperature,  O R  

t = t i m e  t o  r u p t u r e ,  hours 

P = T (20 + Log t )  :i 10 

From Figure  36, P = 48.4  

T i m e  t o  Rupture = 398 hclirs ,  based on average mater ia l  p r o p e r t i e s .  

Divide by two t o  account f o r  minimum p r 3 p e r t i e s .  

Rupture L i f e  a t  12,500 lbs. t h r u s t  = 200 h0,L.s 

S imi l a r  c a l c u l a t i o n s  f o r  t h e  o t h e r  cond i t ions  were made and combined 

us ing  the assumption thar: t h e  r a t i o  

T i m e  a t  Condition i 
L i f e  a t  Condi t ion i 

reprc , e n t s  t h e  f r a c t i o n  of ,life used up a t  Condit ion i. 
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VI. DESIGN ANALYSIS AND DISCUSSION (CONTINUED) 

I t  follows t h e n  that: 

1 L i f e  = 7 

Where P.  is t h e  percentage of t i m e  a t  t h e  Condition i ar.d L is t h e  
1 i 

l i f e  a t  Condjtion i. 

This  procedure r e s u l t s  i n  a pred ic t ed  S t r e s s  Rupture L i f e  of 990 

hours. Since a n  overhaul  per iod f o r  t h e  engine is scheduled f o r  670 

h o u r s  of l i f t i n g  t i m e ,  t h i s  b l ade  l i f e  r e q u i r e s  b lade  replacement a t  

each overhaul.  Thus t h e  Hp t u r b i n e  r o t o r  b lade  is only marginal ly  

acceptable .  If f i n a l  des ign  cannot improve t h i s  cond i t ion  by b lade  

geometry changes o r  less conserva t ive  assumptions, then some form of 

blade cool ing  is ind ica t ed .  

2.  H.P. Turbine Rotor B l a d -  Fa t igue  S t rength  

Gas bending momerits on t h e  b lade  roo t  a r e :  

78.5 in .  l b s . / b l ade  a x i a l  

104.5 in .  l b s . / b l ade  t angen t i a l  

When these  were resolved along t h e  b lades  p r i n c i p a l  axes  and combined 

with t h -  a i r f o i l  s e c t i o n  p r o p e r t i e s ,  t h e  consequent b l ade  bending 

stress was 12,600 p s i  a t  t h e  lead ing  edge, and t h e  c e n t r i f u g a l  stress 

w a s  46,300 p s i .  

Blade roo t  temperature was est imated using t o t a l  temperature r e l a t i v e  

t o  t h e  b lade  and a f a c t o r  of 0.95 t o  account f o r  a r a d i a l  temperature 

p r o f i l e .  The r e s u l t i n g  temperature was 1440°F. 

The b l ade  material is Cast MAR-M-246 and has  t h e  following p r c p e r t i e s  

a t  t h i s  temperature:  

Ultimate Tens i l e  S t rength  140,000 psi 

Endurance L i m i t  35,000 p s i  



VL. DESIGN ANALYSIS AN9 DISCUSSION (COKTINUEb) 

The  b l a d e  was leaned so  chat i t s  s teady  stress is  l a r g e l y  c e n t r i f u g a l .  

The consequent a i lowable v i b r a t o r y  stress is 23,000 p i .  

T h e  v ib rz to ry  margin is 

I n  o rde r  t o  raise t h i s  t o  t h e  des ign  c r i t e r i o n  of 2.0 t h e  b l ade  roo t  

region w a s  increased  i n  bending s t r e n g t h  t en  percent  by lengthening 

the root  chord t e n  percent  without i nc reas ing  b l ade  th ickness .  

3 .  H. P. Turbine Rotor Blade Attachment Fa t igue  S t rength  

T h e  computation of attachment stresses involves  many f a c t o r s .  The 

method used a t  Curtiss-Wright cons iders :  

Tooth load d i s t r i b u t i o n  

Stress concen t r a t ions  

Load proximity 

Non-axial s l o t  e f f e c t s  

The  conf igu ra t ion  i l l u s t r a t e d  on t h e  HP t u r b i n e  l ayou t ,  F igure  1 2 ,  was 

c a l c u l a t e d  and t h e  v i b r a t o r y  margin of t h e  f i r  tree neck proved t o  be 

inadequate.  Consequently a considerably s t rengthened  three- tooth 

attachment was designed. See Figure 37. I t s  neck v i b r a t o r y  margin 

is s a t i s f a c t o r y .  

4 .  H.P. Turbine Rotor Blade Frequencies 

N a t u r a l  f requencies  cf t h e  HP t u r b i n e  r o t o r  b l ade  are presented i n  

F igure  38. Radial  l i n e s  r ep resen t ing  e x c i t a t i o n  f requencies  from 3 

th ick  LP turbir,Z s t a t o r s ,  38 HP s t a t o r s ,  5 5  LP s t a t o r s ,  and 24  com- 

bus to r  nozzles  a r e  a l s o  shown. 

The curves i n d i c a t e  a p o t e n t i a l  t o r s i o n a l  resonance a t  design s p e e d  

due t o  t h e  24 f u e l  nozzles  i n  t h e  combustor. Rais ing t h e  b l a d e  
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frequency would result  i n  seriou: resonance w i t h  t h e  number O t  s t a t o r s ;  

therefore ,  i t  is recommended t h a t  t h e  number 0: f u e l  nozzles  be 

reduced t o  20. 

With  20 I u e l  nozz les ,  a bending resonance w i l l  occur  a t  9500 RPM 

(64% des ign  speed) .  Since t h e  t u r b i n e  will only have t o  p a s s  through 

t h i s  resonance, i t  is considered acceptab le .  

5. H.P. Turbine S t a t o r  Vane S t r e s s  RuDture L i f e  

The HP t u r b i n e  s t a t o r  vane i s  mounted as a simply-supported beam. The 

bending moments are a maximum i n  t b e  midspan and are ca lcu la t ed  t o  be: 

57.5 in .  lbs. a x i a l  

42.5 in .  l b s .  t a n g e n t i a l  

The consequent stresses are: 

Leading Edge 3000 p s i  Compression 

Back 2400 p s i  Tension 

T r a i l i n g  Edge 1300 p s i  Compression 

The s t a t o r  vane is cooled by a s p e c i f i e d  i n t e r n a l  flow. The conse- 

quent metal temperatures  halie been c a l c u l a t e d  as: 

1995"R Average 

2100'R Leading Edge 

Because of r a d i a l  and c i r cumfe ren t i a l  d i s t r i b u t i o n ,  t h e  peak tempera- 

t u r e  w i l l  exceed t h e s e  va lues .  With an  assumption of 1.15 s t a t o r  

temperature d i s t r i b u t i o n  f a c t o r ,  t h e  peak l ead ing  edge temperature 

becomes : 

2100 x 1.15 = 2420"R; 1960°F 
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6.  

Although the leading edge stress is compression, it was conservatively 

used for the stress rupture criterion. 

Vane Stress 3000 psi 

Vane Material MAR-M-246 
Larson-Miller Parameter 58 

Stress Rupture Life at 

1?,500 lbs. thrust 5000 hours 

This i i f e  represents 5000 hours of continuous operation at the maxi- 

mum normal thrust. Since the duty cycle requires considerably less 

than this, the design is more than adequate. During final design, 
other materials and weight reduction can be considered. 

H.P. Turbine Rotor Disk Stress 

The HP turbine disk was analyzed for centrifugal stresses. Two con- 

figurations were investigated. The first is consistent with the 

blade geometry as pictured on the layou:. Figure 12. The final con- 

figuration is consistent with the increased strength blade and at- 

tachment as discussed previously. 

The radial and tangential stresses for the final configuration are 

presented in Figure 39. For this preliminary analysis, o n l y  centri- 

fugal stresses were considered. 

The disk material selected is Udimet 700. Temperatures of the disk 

are low enough that yield strength governs. This preliminary design 

was sized so that maxiciun stresses approximate yield values. 
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E. LOW PRESSURE TURBINE 

Analyses c f  t h e  L.P. Turbine r o t o r  b l ade  and d i s k  s t r e n g t h s  and v i b r a t i o n a l  

f requencies  as w e l l  as  t h e  L.P. Turbine f i r s t  stage s t a t o r  vane s t r e n g t h  are 

p r e s e n t e d  i n  t h i s  s ec t ion .  The areas of t h e  L.P. Turbine t h a t  w e r e  not 

analyzed and t h e r e f o r e  no t  d i scussed  were c o n s i d x e d  e i t h e r  conse rva t ive  from 

3 mechanical des ign  s tandpoin t  o r  covered by ana lyses  of neighboring compo- 

nents .  

1. L.P. Turbine Blade S t r eng th  

The t h i r d  s t a g e  r o t o r  b lade  w a s  s e l e c t e d  f o r  a n a l y s i s .  This  s t a g e  has 

t h e  longes t  span and greatest t i p  speed. 

Cen t r i fuga l  stress is 14,000 p s i  a t  4000 RPM. 
so as  t o  minimize t h e  e f f e c t s  of t h e  gas  loading.  

The b l ades  were leaned  

This  t u r b i n e  inco rpora t e s  t i p  shrouds t h a t  are in t e r locked  and pre- 

loaded i n  t o r s i o n  t o  form a cont inuous r i m .  As a consequence, r e l a -  

t i v e  t a n g e n t i a l  t i p  motion of t h e  b lades  is prevented and t h e  b l ades  

are e f f e c t i v e l y  t i p  supported t a n g e n t i a l l y  for v i b r a t o r y  condi t ions .  

The t i p  supported gas bending stress is 9100 p s i  and is t h e  va lue  

used t o  compute t h e  v i b r a t o r y  margin. 

With a relative b l a d e  temperature  of 1574"R and a p r o f i l e  f a c t o r  of 

0.95, t h e  b l a d e  root temperature  is 104O0F. 

a n  endurance l i m i t  of 50,000 p s i  and an  ultimate tensile s t r e n g t h  of 

125,000 p s i  a t  t h i s  temperature.  

t h e  a l lowable  v i b r a t o r y  stress is 44,000 psi and t h e  v i b r a t o r y  margin 

The Rene 41 material has  

At a s t eady  stress of 14,000 p s i  

44,000 
9,100 = 4*8* is 

Although t h i s  margin seems high,  t h i s  Rene 4i Llade is mvis ioned  as 

a hollow sheet metal b lade  b u t t  welded t o  a forged shroud and b u t t .  

Consequently t h e r e  w i l l  be a we ld  near  t h e  r o o t  s e c t i o n ,  and some 
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VI. DESIGN ANALYSIS AND DISCUSSION (CONTINUED) 

mismatch is probable. There is adequate allowance in the Vibratory 
margin for a stress concentration factor of two. 

2. L.P. Turbine Blade Attachment Fatigue Strength 

The attachment of the LP turbine rotor blades was checked in the same 
way as discussed for the HP rotoi blade. 
selected since it has the smallest attachment radius and, consequently, 

the least space for its fir tree 

The third stage blade was 

Early calculations indicated that the attachment was too crowded for 

satisfactory vibratory strength. 

changed to incorporate increased cho-d blades in the second and third 
stages. This change is consistent with reduced numbers of blades in 

these stages and, consequently, room for stronger attachments. 

The basic assembly drawing was 

A recent calculation, however, shows that a satisfactory vibratory 

stiength can be achieved by axially widening the attachments signi- 
ficantly, without reducing the number of blades. 
widen the third stage attachment to full projected chord length in 
order to get a satisfactory vibratory margin. See Figure 40. 

It was necessary to 

The basic assembly drawing was not changed back to the original blades. 

It still shows the increased chords. Engine weight is based on the 

latest configuration with the specified blade numbers. 

The space for attachment is quite limited in this third stade. Con- 
servatively, it is  recommended that a smaller number of blades be 

considered for this sta;3e and the preceding one. This change would be 
necessary if an all-cast blade is considered since its fatigue 

strength would be lower. 

3. L . P .  Turbine Blade Natural Frequencies - 
The natural frequencies for fundamental bending and torsion have been 

calculated for the first and third stages. The first stage frequencies 
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VI. DESIGN ANALYSIS AND DISCUSSION (CONTINUED) 

f o r  fundamental bending and t o r s i o n  have been c a l c u l a t e d  f o r  t h e  f i rs t  

and t h i r d  s t a g e s .  

41. The t o r s i o n a l  frequency of t h e  o r i g i n a l  layout  conf igu ra t ion  is 

e x c i t e d  in t h e  high speed range by t h e  55 f i r s t  s ta tor  vanes of t h e  

LP t u r b i n e  j u s t  upst-earn of t h i s  r o t o r .  

The f irst  s t a g e  f requencies  a r e  shown i n  Figure 

As a f i x  f o r  t h i s  prcjblem it is proposed t h a i  a shank be  introduced 

under t h e  b l ade  s h e l f  t o  lower t h e  b l ade  f requencies .  

t h e  e f f e c t  of such a shank on t h e  b l ade  f requencies .  

w i th  55 eczine o r d e r  has  been lowered t o  a s a t i s f a c t o r ;  speed. 

F igure  41  shows 

The resonance 

The s i t u a t i o n  f o r  t h e  t h i r d  s t a g e  b l ade  is given i n  F igu re  42.  

cent  s ta tor  o r d e r s  are shown and p resen t  no r ewnk  

h igh  speed range. 

Adja- 

‘ 3  problems i n  t h e  

Third engine o r d e r  is shown f o r  bo th  b l ades  s i n c e  t h i s  o r d e r  was in- 

troduced or emphasized by t h e  use  of t h r e e  t h i c k  s t a t o r  vanes i n  the  

LP f i r s t  s t a g e  of t h e  tu rb ine .  

t h i s  e x c i t a t i o n .  This is  a l s o  t r u e  for t h e  f i r s t  harmonic of t h i s  

e x c i t a t i o n ,  i . e . ,  6 E.O. Consequently t h e  three t h i c k  s t a t o r  vanes 

are accep tab le  from a v i b r a t i o n  s t andpo in t .  

Blade f r equenc ie s  are much h igher  than 

4. L.P. Turbine F i r s t  S t a t o r  Vane S t r eng th  

The f irst  s ta tor  vanes are used s t r u c t u r a l l y  i n  t h e  t u r b i n e  bear ing 

support .  The fol lowing loads  have been considered. 

Gas loads  on t h e  vanes. 

Inner  shroud and bear ing  support  cone axial p r e s s u r e  load.  

Radia l  bea r ing  l o a d s  from r o t o r  unbalance, gyroscopic  effect  and 

high p r e s s u r e  t u r b i n e  b l ade  l o s s .  
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The consequent bending moments i n  t h e  vane are t abu la t ed  below: 

Load - 
Steady S t a t e  

Gas on Vane 

Vane T ip  Bending Moments 

Axial Tangent ia l  - 
49.6 129 i n .  l b s .  

b l ade  

Shroud 6 Cone P res su re  159 0 

Turbine Unbalance (200 l b s  . ) 15.3 39.2 

Gyro Loading* 87 319 

T o t a l  Steady S t a t e  

Gyro p l u s  Steady S t a t e  

224 168 i n .  l b s .  
b l a d e  

311 487 

The consequent stresses i n  t h e  l ead ing  edge of t h e  s ta tor  vane t i p  

are: 

Steady S t a t e  13,000 p s i  

Gyro p l u s  Steady S t a t e  31,000 p s i  

Blade temperature  is 1350°F. 
o r  Rene 41 s h e e t  metal vanes have adequate  s t r e n g t h .  

c a l c u l a t i o n s  may a l low use  of a lower s t r e n g t h  material. 

A t  t h i s  temperature  MARM 246 c a s t  vanes 

F i n a l  des ign  

Now cons ide r  t h e  l o s s  of a h igh  p r e s s u r e  t u r b i n e  rotor b l ade .  

d i scussed  la te r  under Cri t ical  Speeds, t h i s  engine  o p e r a t e s  above t h e  

c r i t i c a l  speed of its t u r b i n e  suspension. Consequently,  t h e  l o s s  of 

a b l ade  r e s u l t s  i n  a small s h i f t  of t h e  center of r o t a t i o n  of t h e  

t u r b i n e  r o t o r s  and t h e  consequent bea r ing  load is determined by t h e  

s p r i n g  ra te  of t h e  t u r b i n e  suspension.  

As 

(*) Based on r b t o r  i n e r t i a s  of 75.4 l b . i n . s e c 2  (LP) and 14.5 l b . i n . s e c 2  (HP) 

a t  1 rad / sec  rpm. 
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VI. DESIGN ANALYSIS AND DISCUSSION (CONTINUED) 

For an a i r f o i l  weight of 0.20 l b s .  and a combined t u r b i n e  weight of 

180 l b s .  (LP and HP), t h e  s h i f t  of t h e  c e n t e r  of r o t a t i o n  is 0.012 

inches.  For a t u r b i n e  suppor t  s p r i n g  rate of 27,000 l b s . / i n .  t h e  

load on t h e  vane assembly is only 320 pounds. 

as t h e  engine  d e c e l e r a t e s  through i t s  t u r b i n e  c r i t i c a l  speed but  even 

a f a c t o r  of t e n  on ly  r e s u l t s  i n  a b l ade  stress c l o s e  t o  tb? gyro 

value.  

This  v a l u e  w i l l  magnify 

5. L.P. Turbine Rotor Disk S t r eng th  

The hoop type  of r o t o r  d i s k  used f o r  each l o w  p re s su re  t u r b i n e  s t a g e  

is loaded by c e n t r i f u g a l  f o r c e s  of t h e  b l ades ,  t h e i r  a t tachments  and 

t h e  cont inuous hoop i t s e l f .  

For t h e  t h i r d  s t a g e ,  t h e  t a n g e n t i a l l y  cont ingous hoop is 1 . 2  inches 

wide as requi red  f o r  a t tachment  f a t i g u e  s t r e n g t h  and e f f e c t i v e l y  one 

h a l f  inch  i n  r a d i a l  dimension. 

A t  4000 RF'M t h e  loads  are: 

97 Blades 149,000 l b s .  

Attachments 24,000 l b s .  

Hoop 22,000 l b s .  

1953000 l b s .  

and t h e  consequent hoop stress is: 

1 
X 

19s ,000 
rt= 2TT 1 . 2  x 05 

= 52,000 p s i  

Rene 41 a t  t h e  f u l l  t o t a l  temperature  of t h i s  s t a g e  has  a 0.2% creep  

s t r e n g t h  of 96,000 p s i  f o r  100 hours. Thjq e t a g e  then has  ample hoop 

s e c t i o n  . 
The earlier s t a g e s  are somewhat h o t t e r  bu t  have s h o r t e r  b lades  s o  

t h a t  similar hoop a r e a  is requi red .  
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F. BEARLNGS AiqD LUBBICATZON 

The fol lowing ana lyses  are repor t ed  here:  

Bearing Thrust  Loads 

Bearing Se lec t ion  and Lubr ica t ion  

1. Bearing Thrust Loads 

Rotor t h r u s t  l o a d s  have been c a l c u l a t e d  for  t h e  engine. The r e s u l t s  

are t abu la t ed  i n  Figure 43. 

t h e  r a d i u s  of t h e  compressor r o t o r  exit seal. The t abu la t ed  va lues  

are c o n s i s t e n t  wi th  a seal loca ted  a t  t h e  inne r  diameter  of t h e  

compressor e x i t  annulus.  

Compressor spool t h r u s t  is a func t ion  of 

For t h e  12.500 lb. t h r u s t  cond i t ion ,  t h e  loads  are: 

Fan Spool 3695 l b s .  

Ccmpressor Spool 2745 lbs. 

The t h r u s t  load on t h e  compressor spool can be reduced by moving the 

compressor r o t o r  ex i t  seal t o  a l a r g e r  r ad ius .  Because t h e  compressor 

e x i t  d i f f u s e r  curves  outward t h i s  change is r e a d i l y  accomplished and 

has  been incorporated.  See F igures  1 and 12. 

lowers t h e  c a l c u l a t e d  t h r u s t  on t h e  compressor bea r ing  to  600 pounds. 

The r a d i u s  chosen 

Thc t h r u s t  l oads  f o r  t h e  cond i t ion  of 12,500 pounds of  engine t h r u s t  

were estimated us ing  compressor and t u r b i n e  i n t e r s t a g e  cond i t ions  

provided by NASA. Because of  i n s u f f i e n t  i n t e r s t a g e  flow cond i t ions ,  

t h e  t h r u s t  l oads  f o r  t h e  case of 10,000 lbs. of t h r u s t  were scaled 

from those  f o r  t h e  case of 12,500 l b s .  t h r u s t .  It w a s  assumed t h a t  

t h e  p re s su re  f o r c e  on each component of t h e  engine is propor t iona l  t o  

t h e  o v e r a l l  s t a t i c  p re s su re  rise through t h a t  component a t  each 

ope ra t ing  cond i t ion  aud t h a t  t h e  f o r c e  due t o  a x i a l  momentum change is 

propor t iona l  t o  weight flow. 
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2. Bearing S e l e c t i o n  and Lubr ica t ion  - 
Bearing capac i ty ,  l i f e  and l u b r i c a t i o n  requirements are summarized i n  

F igure  44. They are based on e a r l y  estimates of bear ing  loads  and 

sizes, y e t  ag ree  w e l l  wi th  t h e  conf igu ra t ion  f i n a l l y  selected. As 

pointed ou t  i n  t h e  previous s e c t i o n ,  compressor spool  t h r u s t  l oads  

a r e  r e a d i l y  a d j u s t a b l e  t o  t h e  load range of 1000 pounds assumed here. 

Bearing sizes were a l t e r e d  t o  s u i t  improved arrangements,  but  t h e  d a t a  

are s t i l l  a good approximation and t h e  des ign  is c l e a r l y  f e a s i b l e .  

Later s t u d i e s  i n d i c a t e d  t h a t  a l a r g e r  o i l  f low may be  needed fo r  t h e  

bear ings .  Resolu t ion  of t h i s  ques t ion  has  been l e f t  f o r  f i n a l  design.  

An a n a l y s i s  w a s  made of t h e  o i l  tubes i n  t h e  LP t u r b i n e  f i r s t  s t a g e  

s t a t o r .  F igu re  45 shows t h e  i n s t a l l a t i o n  conf igu ra t i cn .  An important 

cons ide ra t ion  is t h a t  t h e  oil tube walls remain below t h e  temperatures  

t h a t  w i l l  degrade t h e  o i l .  

Figure 46. 

The c a l c u l a t i o n  r e s u l t s  are g iven  i n  

The oil tube temperature  of 410°F is acceptab le .  

The c a l c u l a t i o n  w a s  based on t h e  12,500 l b .  t h r u s t  cond i t ion  and con- 

s i d e r e d  only  t h e  o i l  r e t u r n  o r  scavenge tube.  

q u a n t i t y  of c o o l e r  oil w i l l  b e  flowing i n . t h e  double tube  has  been 

ignored. However, t h e  c a l c u l a t i o n  was based on an increased  o i l  flow 

t o  t h e  rear bear ings .  I f  t h i s  l a r q e r  f low is found t o  b e  unnecessary 

f o r  t h e  bea r ings ,  then t h e  tube  cool ing  r e q u i r m e n t  w i l l  need f u r t h e r  

a t t e n t i o n .  

The f a c t  t h a t  a similar 

There  is cons ide rab le  des ign  freedom i n  t h i s  area. 

air is r e a d i l y  a v a i l a b l e  a t  t h e  LP t u r b i n e  s t a t o r  vanes and can be 

used f o r  cool ing  t h e s e  t h r e e  vanes. However, t h e  p re sen t  a n a l y s i s  

i n d i c a t e s  t h a t  t h i s  is not  needed. 

Compressor ex i t  
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G. CRITICAL SPEEDS - 
The c r i t i c a l  speeds of  t h i s  engine were i n v e s t i g a t e d  by s tudying  t h e  be- 

havior  of t h e  fol lowing t h r e e  subsystems: 

The combined mass of t h e  LP and HP t t r b i n e  rotors on a s i n g l e  

f l e x i b l e  support .  

The complete LP s h a f t  wi th  f a n  and LP t u r b i n e ,  on two f l e x i b l e  

supports .  

The complete HP s h a f t  wi th  compressor and HP t u r b i n e ,  on two f l e x i b l e  

suppor es . 
It was a des ign  a b j e c t i v e  t o  f l e x i b l y  suspend t h e  heavy t u r b i n e  r o t o r s  and 

t o  op.: i t e  above t h e  t u r b i n e  mode c r i t l ca i  speed. 

t h e  need f o r  a r i g i d  and consequently heavy rear bearii.g support .  I n  

add i t ion ,  t h e  f l e x i b l e  suspensior. i s o l a t e s  t h e  turbir .e  s t r u c t u r e  from 

t u r b i n e  unbalance rorcee .  

i t  reduces t h e  v i b r a t o r y  loading  of t h e  LP t u r b i n e  f i r s t  s t a t o r s  being 

used as bear ing  supports .  

This  approach avoids  

It is e s p e c i a l l y  imporcant I n  +:.is des ign  since 

The f i r s t  subsystem approximates t h i s  t u r o i n e  mode. 

mode is given as a func t ion  of rear bear ing  suppor t  s p r i n g  rate i n  

The frequency of t h e  

3 Figure  47. 
cpm. 

i d l e  speed and below ope ra t ing  speed. 

For a s p r i n g  rate of 2 7  x 10 I b s / i n c h  t h e  frequency is 1800 

This ie e x c i t e d  by LP t u r b i n e  unbalanca a t  ‘.8GO RPM which is above 

The second subsystem, t h e  f a n  spool on two suppor t s ,  was useG t o  determine 

t h e  n a t u r a l  frequency of t k e  f a n  r o t o r  suspension. 

t h e  e f f e c t  of vary ing  t h e  f r o n t  s u p r o r t  s p r i n g  rata, 

300 x 10 l b s / i n .  t h e  n a t u r a l  frequency is 8600 cpm. This  is above t h e  

maximum f a n  speed so t h a t  f a n  spool  unbalance cannot e x c i t e  t h i s  f a n  mode. 

This  mode corresponds t o  t h e  second mode of t h e  f a n  s h a f t  s y s t e r .  

t h i r d  mode involves  t h e  mass of t h e  f a n  s h a f t  between bear ings  and is 

Figure  48 i l l u s t r a t e s  

9or a s p r i n g  rate of 
3 

The 
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similar . . 8- "bent s h a f t "  c r i  .a1 speed. For t h e  s e l e c t e d  sp r ing  

r a t e s ,  thrs frequency is 12,OOG cpm wh.-ch is above e x c i t a t i o n  by f a n  

s h a f t  unbalance. 

The th i rd  subsystem, t h e  Compressor spool  on two suppor ts ,  was used t o  

determine t h e  n a t u r a l  freqdency of t h e  compressor r o t o r  suspension.  

Figure 49. For a f r o n t  sp r ing  rate of 900 x 10 l b s / fnch ,  vhe n a t u r a l  

frequency is 20,200 cpm. 

t h a t  compressrr spool  unbalance cannot e x c i t e  t h i s  compressor mode. 

See 
3 

This is above t h e  maximum compressor speed so 

The r e l a t i o n s h i p  of t h e  vc-iccls mode f requencies  and t h e i r  e x c i t a t i o n s  

are given i n  Figure 50. 

speeds . 
The s i g n i f i c a n t  cr i t ical  speeds avoid  opera t ing  

The requirement f o r  a s o f t e r  f r o n t  support  s p r i n g  rate f o r  t h e  fan than 

f o r  t h e  c m p r e e s o r  is resolved by s e l e c t i o n  of bear ing  sp r ing  rates. 

assumed sp r ing  rat- appear  to be  reasonable  and a t t e i n a b l e  in t h e  final 

design. 

The 

H. lMPINGEMENT STARTER 

A parametric s,ady of t h e  impingement starter system is summarized below. 

Aa engine r e s i s t a n c e  torque  curve,  Figure 51, w a s  obta ined  by --sling from 

t h e  r e e i s t a n c c  characteristics c f  an e x i s t i n g  engine.  

po la r  i n e r t i a  is 14.5 1b. in .sec 

Compressor spool  
2 

In FiQure 52, t h e  l igh t -of f  time is p l o t t e d  versss l i g h t - o f f  speed f o r  

convergent-divergent nozzles  wi th  the requi red  a i r f l o w  as a parameter. 

Convergent-divergent starter nozz les  w e r ,  chosen t o  maximize a c c e l e r a t i o n  

torque f o r  a given a i r  flow. The requi red  t o t a l  nozz le  area, both  a t  t h e  

t h r c s t  and a t  t h e  exit, is shown for each flow. See Figure  53. The 

number of nozzles  can be  determined fx any nozz le  s i z e  s e l e c t e d .  

To minimize preseure l o s o  in t h e  f '3w passage upstream of t h e  nozzles ,  

supply pipes  of *AL times t h ?  t h r o a t  area are recommended. A ccuverging 
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angle  0;' 60 degrees  and a diverg ing  angle  of between 24 and 36 degrees  are 

considered adequatc t o  achieve  proper  c o n t r a c t i o n  and expansion. The 

nozzles  were designed €or a je t  Mach number of 1.9. 

The s p e c i f i c  des ign  s e l e c t i o n  obtained f ro& t h e  paramet r ic  curves  is: 

Source P r e s s u r e  

Source Temperature 

System Flow 
Nozzle 

Throat Area 

Exit Area 

Number of Nozzles 

Supply Tube A r e a  

Time t o  10% Speed 

I. ENGINE WEIGHT 

100 p s i a  

950"R 
1.0 lb/- --c 

2 

2 
0.58 in 

0.90 i n  

4 
2 2.3 in min. 

2.2 secs 

E n g i n e  weightrc are summarized i n  F igure  54.  

Conf igura t ion  1 is the engine as descr ibed  by t h e  i n d i v i d u a l  l ayou t s  of 

Figures  6 through 13. 

geometry as o r i g i n a l l y  s p e c i f i e d .  

Two c o r f i g u r a t i o n s  are s:iown. 

Ali blading in Conf igura t ion  1 conforms t o  t h e  

Conf igura t ion  2 incorpora tes  b lad ing  s t r e n g t h  inc reases  t o  a t t a i n  accept-  

a b l e  v i b r a t o r y  margins. 

provide f o r  heavier  a t tachments  and disks t o  support  t h e  heav ie r  blades.  

i n  some cases t h e  ccjnsequent weight i nc reases  

These changes were included i n  t h e  engine b a s i c  assembly drawing, Figure 1. 

There is, however, one except ion  t o  t h i s .  

f a n  t u r b i n e  r o t o r  wi th  increased  c t x d  b l sdes  in t h e  second and t h i r d  

stages. This change had been int roduced t o  reduce t h e  number of b l ades  

and g i v e  room f o r  a s t ronge r  a t tachmeat .  

t h a t  t h e  des i r ed  v i b r a t o r y  s t r e n g t h  i n  t h e  attachment can be a t t a i n e d  w i t h  

t h e  o r i g i n a l  numbers of blades by inc reas ing  at tachment  width.  

The assembly drawing shows t h e  

A recent  c a l c u l a t i o n  ind ica t ed  

Although 
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VI. DESIGN ANALYSIS ANXI DZSCUSSION (CONTINUED) 

The assembly drawing was not  changed back, the weights  are c o n s i s t e n t  wi th  

t h e  o r i g i n a l  b lade  chords,  b lade  numbers, and wider d i sks .  

The accessory weight of 65.6 pounds inc ludes  t h e  following items: 

Fuel Control  

Fuel Manifold and Nozzles 
Fuel  Pump 
I g n i t i o n  System 

O i l  P re s su re  adscavenge Pumps 

O i l  Tank 
Heat Exchanger 

F i l t o r ,  Check Valves, Tubing 
Air Turbine Drive Motor 

Conf ig t r a t ion  2 r e p r e s e n t s  the completed engina design. 

engine weight for this conf igu ra t ion  is 1011.7 pounds. 

The es t imated  



VII. CONCLUSIONS 

1. 

2. 

3. 

4. 

5. 

6 .  

7. 

8 .  

9. 

On t h e  b a s i s  of t h i s  pre l iminary  design,  the I n t e g r a l  L i f t  Engine is 

considered mechanically f e a s i b l e  and s u i t a b l e  f o r  f i n a l  design.  

The use of composite material i n  the  f a n  and compressor r o t o r  blades 

appears  t o  be  f e a s i b l e  and w i l l  r e s u l t  i n  weight sav ings  and favorable  

b l ade  v i b r a t o r y  c h a r a c t e r i s t i c s ,  bu t  ex tens ive  experimental  develop- 

ment w i l l  be  r equ i r ed  t o  a s s u r e  success .  

To avoid v i b r a t o r y  e x c i t a t i o n  and to  achieve  adequate  v i b r a t o r y  

s t r e n g t h ,  some of t h e  b l ade  geometry suppl ied  by NASA w i l l  r e q u i r e  

mod i f  icat i o n  . 
To reducz v i b r a t o r y  loads  on t h e  f an  b l ade  at tachment  and t o  inc rease  

t h e  f a n  b lade  v i b r a t o r y  f requencies ,  t h e  s p l i t t e r  shroud on t h e  f a n  

r o t o r  b lade  must provide  b lade  support  under ope ra t ing  condi t ions .  

This  pre l iminary  des ign  i n d i c a t e s  t h a t  t h e  requi red  l i f t i n g  time l i f e  

of 2000 hours  and overhaul  l i f e  of 670 hours  can be  achieved f o r  t h e  

engine . 
Alt!!,?ough t h e  h igh  p res su re  t u r b i n e  r o t o r  b lades  have a r e l a t i v e l y  s h o r t  

p red ic ted  l i f e ,  they w i l l  exceed t h e  requi red  overhaul  l ife.  

The l o w  p res su re  t u r b i n e  r o t o r  b lades  of welded Rene 4 1  s h e e t  metal 

cons t ruc t ion  w i l l  r e q u i r e  process  development t o  produce h igh  s t r e n g t h  

welds. 

Use of t h e  low p res su re  t u r b i n e  f i r s t  s t a g e  vanes f o r  t u r b h e  bear ing 

support  is f e a s i b l e  from a s tandpoin t  of s t r e n g t h  and l u b r i c a t i o n  xe- 
qucrements. 

The f i r s t  s t a g e  r o t o r  blades of t h e  low p res su re  t u r b i n e  w i l l  r e q u i r e  

detuning t o  avoid t o r s i o n a l  resonance from t h e  upstream s t a t o r  vanes,  

and t h i s  detuning can be accomplished by provid ing  to5s iona l  flex- 

i b i l i t y  in t h e  blade attachment.  



VII. CONCLUSIONS (CONTINUED) 

10. Although l o c a t i n g  t h e  combustor outboard of t h e  compressor r e s u l t s  

in a c c e s s i b i l i t y  problems, t h e r e  are b e n e f i c i a l  effects on r o t o r  

cri t ical  speed as a result of the shor tened  r o t t +  s h a f t .  

11. This  engine dwign satisfies t h e  requirement of n o i s e  r educ t ioa  by 
means of proper  spac ing  between t h e  fan rotor and s t a t o r  b l ades  and 

by t h e  i n s t a l l a t i o n  of acoustical material In  t h e  fan duc t ,  but t h e r e  

I s  some accompanying penal ty  In overall engine weight. 
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COMPONENT PERFORMANCE 

Condition 

Thrus t ,  Lbs 

I n l e t  Temp., O R  

I n l e t  To ta l  P r e s s . ,  A t m  
Ou t l e t  Temp., O R  

Out le t  T o t a l  Press . ,  Atm 
Pressure  Ratic, 
A i r  Flow, Lb/Sec 
Bleed F l o w ,  Lb/Sec 
Eff ic iency  
Speed, RPM 
Percent Desigt? Speed 

CORE FAN 

I n l e t  Temp., O R  

I n l e t  To ta l  P res s . ,  A t m  
Out le t  Temp., O R  

Out le t  To ta l  Press . ,  Atm 
Pressure  Rat io  
A i r  F l m ,  Lb/Sec 
Bleed Flow, Lb/Sec 
Eff ic iency  

COMPRESSuR 

I n l e t  Temp., O R  

I n l e t  To ta l  Press . ,  Atm 
Outler: 'femp., O R  

Out le t  T o t a l  Press. 
Pressure  Rat io  
A i r  F l o w ,  Lb/Sec 
Bleed  ?low, Lb/Sec 
Eff ic iency  
Speed, W M  
Percent Design Speed 

A l l  Engines Engine Out 
Cpera t  i ng  Opera t ion  

MaximU Maximum 
Nominal Control  Nominal Control 

10 ,OOG 12,500* 11,450 12,880 

549 
1.00 
582 
1.20 
1.20 
487 
0 

3,556 
88.9 

Q 0.- . - d Y  

549 
1 . G 3  
564 
1.09 
1.09 
63.7 
0 
.897 

504 
1.09 
10 50 
7.27 
6.67 
63.7 
0 
.822 
13,818 
94.0 

549 
1.00 
59 1 
1.25 
1.25 
540 
0 
.878 
I ,  000 
io0 

54Y 
1 .oo 
568 
s.ll 
1.11 
71,O 
0 
.886 

38 

1103 
8 * 5  
7.65 
7 1  .O 
0 . 820 
14,700 
100 

A 11 

549 
1.00 
587 
1.23 
1.23 
517 
0 
.886 
3,800 
95.0 

d49 
1.00 
59 2 
1 .25  
1.25 
547 
0 . 866 
4,100 
102,5 

549 54 9 
1.00 1.00 
566 569 
1.10 1.11 
1.10 1.11 
68.0 71.8 
0 0 
.892 .879 

566 
1.10 
1080 
7 .92  
7.20 
68.0 
0 . 839 
14 , 259 
97.0 

569 
1.11 

8.68 

71.8 
0 
.814 
14,994 
102.0 

11 30 

7 , a 2  

*Aerodynamic Design Point  

Figure 2 (Page 1 of 2) 



COMPONENT PERFORMANCE - Continued 

Condition 
A l l  Engines 

Operat ing 
Engine Out 
Operat i o n  

Thrus t ,  Lbs 

COMBUSTOR 

I n l e t  Temp., O R  

I n l e t  T o t a l  Press . ,  Atm 
Ou t l e t  Temp., O R  

Ou t l e t  T o t a l  P res s . ,  Atm 
A i r  Flow, Lb/Sec 
Fuel  Flov, Lb/Sec 
T o t a l  Flow, Lb/Sec 
Ef f i c i ency  
SFC 

HIGH PRESSURE TURBINE 

I n l e t  Temp., OR 

I n l e t  T o t a l  Press . ,  A t m  
O u t l e t  Temp., O R  

Out le t  T o t a l  Press . ,  Atm 
P res su re  Rat io  
Flow, Lb/Sec 
Bleed Flow, Lb/Sec 
Ef f i c i ency  

LOW PRESSURE TURB1.q 

I n l e t  Temp., O R  

I n l e t  T o t a l  Press . ,  Atm 
O u t l e t  Temp., O R  

O u t l e t  T o t a l  Press . ,  Atm 
P res su re  Ratio 
Flow, Lb/Sec 
Ef f i c i ency  

EXHAUST NOZZLES 

Nominal 

10,000 

1,050 
7.27 
2,070 
6.72 
63.7 
1.0 
64.7 . 98 
3606 

2,070 
6.72 
1,650 
2.46 
2.73 
64.7 
0 
.920 

1,650 
2.46 
1,420 
1.16 
2.12 
64.7 
.826 

Fan Exhaust Flow, Lb/Sec 487 
Fan Exhaust Veloc i ty ,  Ft /Sec 58 2 
Core Exhaust Flow, Lb/Sec 64.7 
Core Exhaust Veloc i ty ,  Ft /Sec a33 

Maximum 
Cont ro l  

12,500* 

1,103 
8.5 
2,260 
7.86 
71.0 
1.30 
72.3 
.98 . 3735 

2,260 
7.86 
1,811 
2.86 
2.74 
72.3 
0 
.924 

1,811 
2.86 
1,528 
1.23 
2.32 
72.3 . 829 

54, ) 
64 7 
72.3 
990 

Maximum 
Nominal Cont r o  1 

11,450 

1,080 
7.92 
2,175 
7.35 
68 .O 
1.15 
69.1 
.98 . 3662 

2,175 
7.35 
1,740 
2.69 
2.73 
69.1 
0 

920 

1,740 
2.69 
1,470 
1.20 
2.24 
69.1 . 828 

12,880 

1,120 
8.68 
2,312 
8.08 
71.8 
1.35 
73.1 . 98 
.3780 

2,312 
8.08 
:,860 
2.96 
2.73 
73.1 
0 
.926 

1,860 
2# 96 
1,560 
1.24 
2.39 
73.1 . 829 

51 7 547 
62 5 65 7 
69.1 73.1 
916 1020 

*Aero +ynamic Desigp Poin t  

F igure  2 (Page 2 of 2) 



ENGINE SPECIFICATLuNS PROVIDED BY NASA 

Computer P r i n t  Outs Y O N 1 3 1 3  Crouse 

013 1-27-71 

17 2 1-27-71 

018 4-28-71 

Compressor 

Computer P r i n t  o u t s  YON1313 Crouse 

396 2-27-71 

157 3-9-71 

011 3-10- 71 

043 4-15-71 

018 4-28-71 

Combustor 

Table of Conditions - 12-21-70 

Flow Path Chart  and Accompanyiny Table  - 12-21-71 

Turbine 

High P res su re  Turbine Aerodynamics - 3-9-71 

Flow Pat Layout Dxcr.!ngs of Blade Sec t ions  ant 1 

Low Pres su re  Turbine Computer P r i n t  Outs YON2200 Erickson 

0 84 3- 24- 7 1 
088 3-24-71 

Figure 3 



ENGINE SERVICE TIME REQUIREMENTS 

Iota1 Engine Life 

Engine Operation Per Cycle: 

Id le  

Takeoff 
Landing 
Idle 

Idle Tire 

Lifting Time 

TBO 

30,002 Cycles 

2 Minutes 

1 Minute at 10,000 Pounds Nomin. Thrust 
3 Minutes at 9,000 Potnds Nominal Thrust 

1 Minute 

1500 Hours 

2000 Hours 

10,000 Cycles 
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0 

0 
00 z a - 

Figure 5 
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Figure 7 
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Figure 8 



FOLDOUT FRAME I 

COMPRESSOR ROTOR 

71-880 



EOLDOUT FRAME 

I COMPRESSOR ROTOR 

Figure 9 
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FOLDOUT FRAME 2 
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Figure 10 
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FOLDOUT FRAME 2 
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Figure 11 
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Figure 12 
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FUEL CONTROL BLOCK DIAGRAM 
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Figure 16 



IGNITION SYSTEM DIAGRAM 

Figure 17  



FAN ROTOR BLADE CENTRIFUGAL STRESSES 

Radius 
In. 

27.9 

26.8 

25.3 

23.8 

22.3 

20.8 

19.3 

17.8 

16.3 

14.8 

13.3 

12.42 

12  

11.25 

10.4 

9.55 

8.7 

7-85 

7.2 

Area 
In2 - 

1.24 

1.2112 

1.1689 

1.1293 

1.0901 

1.0597 

1.011 

.9682 

-9246 

.8779 

.8206 

79 

. 772 

7408 

-7032 

. 6713 

. 6313 

. 591 

a 55 

Cen t r i fuga l  
Force 
Lbs 

Cent r i fuga l  
S t r e s s  

Lbs./Sq. In. 

0 

1010.66 

2285.25 

3445.12 

4496.78 

5449 . 16 

6302.66 

7057.41 

7720.84 

8297.04 

8787.62 

9037.42 

9147.2 

9327.96 

9510 -05 

9669.77 

9808 . 24 

3925.06 

1c002.5 

Total S t a t i c  Weight 1.17358 Lbs. 

Radial  C.G. 20.5342 In. 
Axial C.G. 0 In. 
Tangent ia l  C.G. 0 In. 
RPM 4000 

Material Density -0603 

0 

834.43 

1955.05 

3050 . 67 

4125.11 

5142.18 

6234.08 

7289 . 2 

8350.46 

9451.01 

10708.8 

11439.8 

11848.7 

12591 . 7 
13524 . 
14404 . 5 

15536.6 

16795 . 4 

18186.5 

Figure 18 



FAN ROTOR BLADE LEAN TO CANCEL GAS BENDING MOMENTS 

Figure 19 



FAN ROTOR BLADE FATIGUE STRENGTH 

Figure 20 



FAN ROTOR BLADE VIBRATORY STRENGTH 

Figure 21 



FAN ROTOR BLADE INTERFERENCE DIAGRAM - BY-PASS PORTION - .  
. .  
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Figure 22 



FAN ROTOR BLADE INTERFEXIENCE DIAGRAM - CORE PORTION 

- 
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Figure 23 



FAN AND COMPRESSOR ROTOR BLADE BENDING FLUTTER PARAMETER 

RELATIVE CIIoRD/z NATURAL 
= b  FREQUENCY 

CPS ft. 
VELOCITY 

= V ft/sec 

653* 160 4100 

STAGE v 
bw 

*. 160 Fan Core 

653 

1060+ 

Fan Core . 160 6150 100 

,249 87 8.26 Fan Bypass 

1382' 

1186". * 

1186 

Fan Bypass 

. 100 585 3.76 

. 042 765 5.87 

.042 1200 3.14 

1st Rotor 

1057' 

1057 

5th Rotor 

.033 900 5.66 

. 033 1260 4.04 

9th Rotor 

9th Rotor 

x t /c  

12 

7 

12 

7 

7 

11 - 

7 

11 

I 
1060 I .249 i 145 I 5.00 

* Based on 4000 RPM 
+ Based on 14,700 IlpM 

Figure 24 



FAN AND COMPRESSOR ROTOR BLADE TORSIONAL FLUTTER PARAMETER 

RELATIVE 

* V ft/sec 
STAGE x t / c  1 VELOCITY 

Fan Core 8 653* 

Fan Core 12 653 

Fan Bypass 8 1060* 

Fan Bypass 12 1060 

1st Rotor 7 1382' 

5th Rotor 7 1186' 

5th Rotor 11 1186 

9th Rotor 7 1057' 

9th Rotor 11 1057 

v 
bw 

CHORD = b NATURAL 
2 FREQUFNCY 

ft. 8 s  

160 2400 0.270 

.160 3650 0.18 

249 220 3.12 

249 335 2.00 

. 100 1105 1.99 

. 042 1400 3.20 

-042 2220 1.99 

.033 2040 2.49 

. 033 3200 1.59 

- ,  

t 

* Based on 4000 RFM 

+ Based on 14,700 RPM 

Figure 25 



- ROTOR BLADE ROOT THICKNESS-TO-CHORD RCQUIREMENTS 

Figure 26 



COMPRESSOR ROTOR BLADE VIBRATORY STRENGTH 

I I 1 1 1 I 

Figure 27  



FIRST STAGE COMPRESSOR ROTOR BLADE INTERFERENCE DIAGRAM 
_. - __ - 

Figure 28 



FIFTH STAGE COMPRESSOR ROTOR BLADE INTERFERENCE DIAGRAM 

I 

Figure 29 



NINTH STAGE COMPRESSOR ROTOR BLADE INTERFERENCE DIAGRAM 
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Figure 30 



CONPRESSOR STATOR VANE VIBRATORY STRENGTH 

Figure 31 



COMPRESSOR STATOR VANE BENDING INTERFERENCE DIAGRAM 

. . .. , 1  
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Figure 32 



COMPRESS0 it STATOR VAi'i'E TORSIONAL INTERFEMNCE DIAGRAIY 

Figure 33 



HIGH PRESSURE TURBINE ROTOR BLADE ,;TRESSES 
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Figure 34 



ENGINE DUTY CYCLE 

x 60 

Figure 35 
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H I G H  PRESSURE TURBINE ROTOR BLADE MATERIAL STRESS RUPTURE PROPERTIES 

Figurz 36 



HIGH PRESSURE TURBINE ROTOR 

$ 

Figure 37 



HIGH PRESSURE TURBINE ROTOR BLADE INTERFERENCE DIAGRANS 
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Figure 38 



HIGH PRESSURE TURBINE ROTOR DISK STRESSES 

I 

Figure 39 



L O W  PRESSURE TURBINE THIRD STAG8 ROTOR BLADE 
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LOW PRESSURE TURBINE FIRST STAGE ROTOR BLADE INTERFERENCE DIAGRAM 
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, , 1 . .  t .: 

- -.- - _.-.- 
I .  I 

j : .  j .  f _ _  €NG/#E . 5pEgD - . - f  ______ . ; .. 
t - .  , 

6 .  . . . . . . . . . . . .  
, . ; . ; : I  

-- - I : ; I .  . .  , a  

! , , . ,  . .  I .  
. t .  . : ; : I  : : .  . . .  . ,  LA 

Figure 41 



LOW PRESSURE TURBINE THIRD STAGE ROTOR BLADE INTERFERENCE DIAGRAM 

Figure 42 



Figure 43 



ROTOR SHAFT BEARING CHARACTERISTICS 

LOCATION 

NUMBER 

CAPACITY - LB. 
LOAD - LB. 
EQUIV. RADIAL LOAD .. LBO 
SPEED - RPM 
DN - X1O 6 

c /P 

LOSS - BTU/MIN. 
I . - - iO-HR 

LUBE FLOW - LB/MIN. 
TEMP. RISE - O F  
JET SIZE - IN. 
LUBE PRESS. - PSIG 

LP 
218 
21240 
3860 
2930 
4000 
36 
7.25 
4750* 
17 
1.52 
22 
2 @ .031 
20 

HP 
1018 
13310 
1000 
870 
14860 
1.34 
15.3 
> lo4 * 
25 
1.52 
33 
2 @ .031 
20 

* A life factor of 3 is used. 

Figure 44 

HP 
1918 
15500 
1500 
1500 
14860 
1.34 
10.3 
8000 

20 
1.52 
37 
2 @ .031 
20 

LP 

1918 
15500 
1000 
1000 
4000 

. 36 
15.5 
9250 
4 

.76 
10.5 

1 @ .031 
20 

CURTl#S-WRlOHT CORPORATION W O O O ~ R I O O E ~ ~  N. J.. U. 8 .  A .  



C!L TUEE IN LOW PRESSURE TURBINE STATOR 

Figure 45 



..Ut BEARING 01L TUBE CALCULATED TMPERATURES 
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CRITICAL SPEEDS - TURBINE MODE FREQUENCY 
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Figure 47 



CRITICAL SPEEDS - FAN MIDE FREQUENCY 
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Figure 48 



CRITICAL SPEEDS - COMPRESSOR MODE FREQUENCY 

Figure 49 



CRITICAL SPEED MAP 

Figure 50 



ENGINE RESISTANCE TORQUE 
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Figure 5 1  



ENGINE STARTING ACCELERATION CHARACTERISTICS 
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Figure 52 



ST-QRTER NOZZLE SIZING 

Figure 53 



ENGINE WEIGHT 

FAN SECTION 

Rotor 
Stator Housing 
Exit Duct 

Conf igyration 
2 - 1 - 

65.1 lb. 66.7 1b* 
104 .O 104 .O 
48.0 48.0 
215.1 218.7 

COMPRESSOR SECTION 

Rotor 
Stator Housing 
Actuation 

71 .O 
39.1 
27.5 

72.6 
41.3 
27.5 

137.6 141.4 

COMBUSTOR SECTION 

Combustor Liner 
casing 
Ircpingement Starter 

HP TURBINE SECTION 

Rotor 
Stator 
Compressor Bit Diffuser 

LP TURBINE SECTION 

Rotor 
First Stator and Bearing Support 
Stator Housing 

BEARING AND SHAFT SECTION 

Fan Shaft 
Bearings and Seals, Etc. 

ACCESSORIES 

Fuel and Lub. Systems 

25.2 
56.4 
3.8 

83.4 

49.5 
29.7 
13.2 
92.4 

119 . 4 
53.€ 

146.0 
319.0 

37.0 
27.5 

64.5 

65.6 

TOTAL 977.6 

- 

23.2 
56.4 
3.8 

83.4 

65.4 
29.7 
13.2 

108.3 

130.2 
53.6 

146.0 
329.8 

37 .c 
27.5 

64.5 

65.6 - 
1011.7 

Figure 54 


